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Abstract 



AWtiBcicicepfi\fe^naa^^^ 

pJwnyl^imetKawir^^ l y j^s a Earner dru^ has^ l^ its i: 4 ^ ? 

monomeric form ( MIA) were prepared by coupling methacrylic acid, p-aminophenol and 2-(4-isobutyl phenyDpropionic acid Xy 
(Ibuprofen, IB) by ineans^bf well-khdvJ^ and anwdation reactibhs anti tirl^^ firec^i^aliw^ | 

mtmcmieric acrylic derivative iifi solution; using a conventioMl free-r^dic^^ ; 
liqiiitf 6&£«5iraphy (GI^ of IB^ MIA ai^ Pbl|M^ 

PolyMIA ac^ asia conliblied IB delivCTy system. Practicaliy^ plaipia^^^^^ aboiit;20^/£g/mi; wiSre obtained at 

least fot6h after the intraperitonealadihinisinrtion of PolyMlA^Antini^ 
rel^^oflB from the macrbniolecuIaiP system sliojvs a tinie-exi^^ 

antinocii%ive cffedts than tlwt pf free IB: In antipyretic test;! PolyMIA vw^^e pnly compound which^^ its activity 

beybndaie sixth hburof treatment i[«4;8%.p^0 01 vs. control and vsriB)i^oubling tli^^ IBacUyily^Tfie appe^ 
of pharmacoiogical activity of Poly a very short lime after administrktton, seems to ihdicaie i^^ could be 

active in its polymeric form, since the hydrolytic behaviour followed in vitro in alkaline medium; showed a rate of cleavage of 
the side IB residue much lower than that indicated by the effects observed in vivo. 

Keywords: Ibuprofen; Polymer drug; NSAID-like; Controlled drug delivery 
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1. Introduction 

Ibuprofen (IB) is a quiral drug which shows antin- 
ociceptive and antipyretic properties related to its anti- 
inflanunatory effects [ 1 1 . It inhibits the synthesis of 
prostaglandins and has no effect on the adenopituitary 
axis [2]. Dosage requirements are higher for acute 
processes and lower but repeated in chronic patients; 
both dosages lead to adverse reacd ns and side effects. 

* C rresponding author. 



New polymeric drugs have to avoid these drawbacks, 
since w'th only one dose (equivalent to an oral single 
dose of 400 mg) it would be possible to reach a similar 
antinociceptive and antipyretic potency to that of IB. 
In addition, these new compounds should provide a 
larger time-extended activity than that achieved with 
IB [3]. 

The aim of this research is to investigate in vivo the 
pharmacological possibilities of PolyMIA and MIA 
compounds as IB carrier systems. The synthesis, char- 
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acterization and preliminaiy in vitro IB release char- 
acteristics have been previously studied [4,5]. 
Pharmacological trials were oriented to determine 
antinociceptive and anti-pyretic effects: in this way IB 
was used as a reference control in all trials to clarify 
the differences between traditional and polymeric 
forms of IB. The pharmacokinetic behaviour and phar- 
macodynamic characteristics were also analysed exten- 
sively. 



2. Materials and methods 



2.1. Animals 



Swiss mice were purchased from the Charles River 
Breeding Labpiiatories/Barcelpn^^ Unless jdth- 
erwise stated, co^ were adiiiinis^^ (O.S ml/ 
mouse) intfap^^ 10% Tween-80 in distiQed 

water and the fanimals were, .distributed over four 
groups; ( 1 ) positive control E,(;yehicle) , ( 2) > reference 
(tr^itio^ Ibuprofen at i.7l^ 
(monomeric form at 1739 mg/kg) and (4) Poly^IA 
(polymeric form at 17.39 mg/kg): PolyMIA and iSflA 
doses were nioiecularly equivaleiitto IB dose"; 



■'.ii 



■2.Z Materials 



MIA and Poly MI A forms were prepared as repoi^ted 
elsewhere [41. Ibuprofeh was supplied by E^^^^ 
maceuticals. Tween-80, A-camgeen arid earboxyme- 
thylcellulose were obtained from Sigma, acetic acid 
and n-hexane from PANREAC and Brewers' yeast 
from CENTAGE CROWN. All the chemicals wiere 
analytical grade, except n-hexane (HPLC grade). 

23, In vitro release studies 

The hydrolytic cleavage of IB from polyMIA was 
studied by measuring the IB concentration by UV spec- 
troscopy (221 nm), in a buffered solution at pH 10 and 
37°C Hydrogel fibns of 200-300 /tm thick, prepared 
from copolymers f 2-hydroxyethyIacrylate (HEMA) 
and MIA, were used in order to have a heterogeneous 
system not soluble in the hydrolytical medium. More 
experimental details are given elsewhere. [51 



2.4. In vivo release studies 

Determination of plasma IB 

The analysis of the concentration of IB in plasma 
was carried out by GLC [7] using a capillary column 
SPB- 1 ( Sulfur 15m* 0.32 mm) . The column was con- 
ditioned before the experiments at ISO^'C with a carrier 
gas ( nitrogen) at a flow mte of 1 .2 ml /min, split 1:10. 
During analysis, the column, injection port and detector 
block were maintained isothermally at 180, 300 and 
3S0**C, respectively. Aliquots of plasma (0.2 ml of 
blood/mouse, 9 mice per group) were prepared and 
purified for the HPLC assay [8] and compounds were 
extracted with n-hexane. Plasma samples were col- 
lected every 30 min after administration over a period 
of 6 h. Finally, Oil /jtl of final n-hexane solution v/ere 
irye«ted iqto-Ae^x^ ; :n: 



z'fi fit 



; Mice ( 10 per group)\^w^ 

allowed to acclimatise fov 30 min before the test. Acetic^ 
acid. ( 0.5 ml/moiise of ^1 % ^ aqueous solution) v w 
injectjed intraperitbneally into inicfe weighing 25 ±'r 
5 , [9] . ■ Animals were pretreated wiA 
understudy lO; 40; 70, 100 and 130 min pnprtp ac^^^^ 
acid. Time for the first abdominal c6nstrictiph;>y 
istered and the number of these .diiring the next 30 min 
was measured. Results were expressed in Ume (jriiiS^^ 
and number of abdommal constrictions. 



2,6, Carrageen induced hyperalgesia in mice 

Nociception was provoked by compression of 
inflamed mice paws [10]. Animals (15 per group) 
were treated with A-carrageen, 0.02 ml/paw of 3% 
saline solution, into the plantar region of the right hind 
paw [11]. Groups were administered with the com- 
pounds under study 5 h later. After 10 min, nociception 
threshold was measured using a modified Randall and 
Sellito analgesic meter LI-7300. The endpoint was 
determined as vocalization or paw withdrawal. Left 
hind paws were considered as individual controls. 
Results were expressed as the difference between the 
resistance times ( in seconds) for the two h ind paws. 
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2.7. YeasUinduced hyperthermia 

To acclimatisee the animals ( 10 per group) to the 
experimental conditions, mice were taken out of the 
cage S h before testing. A probe was inserted 1 cm into 
the rectum. Rectal temperatures were recorded on an 
electronic thermometer (model Panlab-0331). Brew- 
ers' yeast suspension* 6.5 g/kg, was administered sub- 
cutaneously 16 h before the experiment (Brewers' 
yeast vehicle was prepared with carboxymethylcellu- 
lose at 1% and Tween-80 at 0.1% 1:1 v/v) ( 12], An 
extra, fifth negative control group, treated only with 
vehicle, was necessary to determine real fever in posi- 
tive controls. Ten minutes before starting, compounds 
were administered. Thereafter, rectal temperatures 
were taken every 30 min for 6 h. 



f%8iSt0sticfll analysis 



■K: 



• : Iri order to determine. the differences between con- 
. trols and the, various treated groups, the.Student^-rtest 
; was applied. Quantal data differences were deterniined if 

ies, Duniiet's Mest was used to determine if there was 
; a significmit ^ dif fei^n^^ at each interval .betw<reni the 

^treated gjre*J respective contmlgroupifnie l^r h";! a^^ S|) . 

/ ■;Simpsd«'s^riile method'for evaliiaiing'the ariea under a^ , 'p'v¥ff%^^^'^^^^^^ 

.^ciirve- was^' iised. ',Plranifiiacbkinetic"^p^ 1%' - ^ - • v .-^.v 

ui • U u" • I . ■ ri-.! J *.- ' 3,2i In Vitro, hydrolytic behaviour, ^ 

Kobmmed;;byv»mu]aticm i|31^and^^giaphic:approach..^j;.::^v:;h^ <m-^,fyn-'^.'-n^-fi'^m^^: 

^ V % Vnfig- 3 shows tite;:hY<toIytic pre^ 



give rise to the release of IB in vivo. The diagrams 
drawn in Fig. 2 indicate that the acrylic derivative MIA 
presents a kinetic behaviour rather similar to the control 
IB, with a maximum concentration after 35-40 min 
after the i.p. administration; and later a decreasing of 
the concentration from about 31.3 and 38.6 ii^lvsA up 
to 5.S and 1 2. 1 ftg/ml, respectively. Hiis seem to indi- 
cate that the cleavage of die ester side bond in produced 
easily, probably through an enzymatic activation of the 
delivery process, giving rise to the release of free IB. 
However, the kinetic diagram obtained for the treat- 
ment with the polymeric species, PoIyMIA, is rather 
different, reaching a steady state at a level of 20-25 
/uig/ml, for at least 5 or 6 h after administratibh; It can 
also be seen in Fig. 2 that there is no clear maximum 
and that the concentration of free IB in the plasma 
increases more slowly than that of the low mbleculai 
weight systems IE ahd iMIA, so that the maximum 
activity is nor reached until 90 min aftef adtni nistiiition; 
The real par2u^ obtained for the thiee compptind^^^ 
studied are^shown in^ble 1 . The area under thd eurvef 
Atfl0?^r;iki338>^ 
^/ig/mlnhffw 

is capable of releasing^.IB to plasma, but time was 
required^tbfre^ch; the'steiady-state (P6lyMiA^^ 2?4' 



'Ct'-:. 



3. R^ults 



i,7. IB plasmatic levels 

The plasma level of IB residues was determined by 
comparison with a calibration curve previously 
obtained with ftee IB (correlation level = 0.997 ) . Sam- 
ples of plasma of the treated animals with the control 
IB, die acrylic derivative MIA and the polymeric sys- 
tem PolyMI A, gave rise to detectable IB concentration 
after the analysis by GLC. Fig. 2 shows the variation 
in the concentration of IB residues detected in the 
plasma with time after the administration of die corre- 
sponding compound in solution, as indicated in Mate- 
rials and methods. It seems to be clear from die results 
obtained diat both carrier systems, MIA and PolyMIA, 



plM^ed from copblyi^^ with HEMA. The 

hydrolysis in alkalihe mt^iiim (pH - 10) was followed 
measuring the concentration of IB released from the 
films, which are not soluble in the buffered solution. 
Therefore, the model is not comparable widi the in vivo 
experiments, but reveals two important points: first, it 
is not free IB as an impurity of the polymeric systems, 
since this would have to give a higher concentration of 
IB than those found in the experiments; second, the 
heterogeneous process is strongly dependent on the 
hydrophilic character of the him, which in turn changes 
with the composition of die copolymer system. In any 
case, it is clearly seen in Fig. 3 than the concentration 
of free IB in the solution increases with the time of 
treatment but much slower than that found in vivo 
experiments. It is necessary to take into consideration 
that the in vivo test was carried out with solntions of 
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2*(44s butylphcnyl)pr pionic acid 
(Ibttprofen, IB)) 



p-Aminophenol 





CH,"CH 



I 

COOH 



■ It. 



■ A- ' 



--'PI , ^- 



... * ■- J ■■(■.. .V ™ - ^ ■ — — ^ — ■ — — — - — ■ " — — — — * — — — ■ - ■ 



methacrylainide 

(Maiioiii^r ; MIA) 



CHr^CH-CH,--a 





o 
ir 



^F ■ ^ - T J t 



v ^0"V';^^^'^•''^'^;-.•■' 



--.I'p 



Polymer, PolyMIA 
(Degree of potyraerization — 268) 



:■ • .V. ■ 



CHrCH-CH,-r^^^ CH, 
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o : 
II . 

NH— C-C- CH, 
I 

CH, 



Fig. I. Chemical struciuies of IB, MIA, PolyMIA and /f-aminophenol. The p>-Ainiiiophenoi group, which acts as a laieia] spacer, could be 
released firoin methaciylic basic chain by amidases, and it is die active metaboltte from another antinociceptive agent: paracetanol. 
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Fig, 2. Average (/tg/ml) ± SEM serum Ibuprofen concentration vs. 
time after singte-dose i.p. administration of 5.75 mg/kg of IB, mon- 
omeric and polymeric form in mice. ( n » 9 per group) . IB ( ■ ) v MIA 
(A),PolyMIA(v). 

Table! 

Pharmacokinetics parameters calculated from each graphic normo- 
gram;IB,MIA andPblyMlA ^^ ^ ^ v; . - . 



l ^ V ^ '^ '4* , Ibuprofen l*ol)mfier. ,,^,^,M 



t^f' (h) 

* I. ' ■ '■ 



A, r^=f;. 



5.!e;i±0.25 

_ . 6:5 ± 0.0 1 ! 

. . I3±0.03 . 



•man' 



0.6>t0,04 



AUC**:** (Mg/mi'h) . 143 ±6.71 
CX,:(mi/h) . : ^ " " J.2y:0.64 . 

wi>(mi)" ^ ^ "^'r: \^ 

VD/kg (ml/kg): i fe; : 343 ± 3.24^ 



7.5 ±0.30 

b:iio.02: 

2.4 ±0.05. 
28±1.88v 

1.6 ±0.08 
338 ±5.53 
0,5 ±0,02, 
5.5±0:06 
183 ±2.01 



2.2 ±0.07 

:6!TSo,02 

6.7 ±0.14 
31 ±2X)2 

0. 6 ±0.04 
92 ±4.09 

1. *±0.04 V 
5.7 ±0.05 
191 ±3.75^ 



poses ate equiyalem,to^S.75 tng/kg of IB i.p. in one-compartment 
model.' ' ;^ -r-' ■ • • 



too 



80 
60 - 



20 
0 



pH«iO 



i& 



Zt^Fft^vr/::?-.-.-^*^^^ ^ 

l&*fy**T ■ t — I — t — I — I I r I il 



to 



2 4 6 8 

Time .diys 

Rg. 3. Heterogeneous hydrolytical behaviour of MI A-HEM A copol- 
ymer fiinas in bu^ered solution (pH = 10) at 3T*C. Average com- 
position of copolymer films: (•) 1.0 wt%MIA, (A) 5.0wt%MIA. 
(■) 10.0 wt% MIA and (O) 30.0 wt% MIA. 

compounds instead of the insoluble film of copolymer 
used in vitro. 



.4 



4 

St*:; 



3.3. Acetic acid test 



The i.p. administration of acetic acid 10 min after 
the treatment with IB, MIA and PoIyMIA, significa- 
tively reduced the number of abdominal constrictions 
(65.2%, 71.7% and 74,9%, respectively) (p<0.01 vs 
control) (Fig. 4(a)). Nociception response was 
delayed 7.9 min (IB, p<0.01), 8,1 min (MIA, 
p<0,OI) and 6.2 min (PoIyMIA, p<0.05) (Fig. 
4( b) ) . The IB and PoIyMIA pretreatments40 min prior 
to acetic acid injection gave rise to a decrease in noci- 
ception reaching 40.4% and 45.4%, respectively, with 
statistical significance p<0.01), and delayed its 
appearance by 2.3 min for IB (p<0.05) and 3.2 min 
for PblyMIA (p<6,01) vs conu^ol. When IB and 
PoIyMIA were administered 70 min prior to the algesic 
ageht/the niimber of abdominal constrictions decreased 
only in .animds pretreated. with PoIyMIA (59,1%, 
j?<0.01). >: Pol^ sluiwed : £u:Uvity - (22 3%, 
p<p.05) even at iTOmn pf piretreat^ 



■1^ 
'■'ii- 

ifiV 




79 lot m 

Timt afktr tmtmcBt (aia.) 



(b) 




70 100 
Use ■fl«r trealainl <nia.) 

Fig. 4. (a) Average! SEM number of abdominal constrictions and 
stretchings and (b) average±SEM response time (b) in min after 
time pretreatment, in min, ><0.05, *><0.0l vs. control. 
#p<0.05, ##p<0.01 vs. IB. (n= 10 per group). 
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Table 2 

Ejects f compounds on carrageen-induced hyperalgesia 





Time±S.E.M.(s) 


Inhibition (%) 


f-St'ideni vs. Control 


Newman-Keuls vs. Ibuprofen 


Control 


11.2±1J 








Ibuprofen 


4.8 ±0.2 


58.9 


p<0.01 




Monomer 


3.5 ±0.7 


65.6 


p<0.01 


/i<0.05 


Ptolymer 


3.3 ±0.1 


70.9 


p<0.0l 


p<0,01 



Time represents mean±SEM, in seconds, difference in response time between same individuaKs hind paws, (n IS per group) 



(a) 



*'l 5 

4, 





5:0OH ' ;;;6:00 




3:00 : ^ 4:00 > li 5:60 ' 



■.it 



0:00 '7^1:00 ; 2:00 ^ 

. Tlmt (ltoiin> 

Fig. 5. (a) Positive (■) and negative {%) groups in yeast-induced 
hyperthermia test and <b) influence of i.p. administration of tradi- 
tional IB at 5.72 mg/kg ( ▲ ) on fever. Average increase of temper- 
ature ('*C)±SEM, positive control group (■). ><0.05. 
**p< 0.01 vs. control. ( /i « 9 per group ) . 

3.4. Carrageen induced hyperalgesia in mice 



In the modified Randall-SeUito assay (Table 2) and 
10 min treatment, the administration of IB, MIA and 
PolyMIA caused a decrease in the nociception thresh- 
old when pressure was applied to the painful paws 
related to the internal control paws. Nociception inhi- 
bition in ( %) was calculated according t the relation- 
ship: 



Inhibition(%)=: 



Controlrimc " ProblemTimc 



Control 



XlOO 



Time 



■ 'A 



The values obtained amounted 59% (IB), 65.6% 
(MIA) and 71% (PolyMIA), p<0.01 vs. control). 
Results were corfiparable to those from the 10 rnin 



wiA respect IB (IB I):? was: iMIA= 1.1 and 
*PolyMI^r= 1.2, but a multidimehsionaU Newman 
,Keuis Mest Waisi not significant ^ 



(a) 




5:00 



6:00 



Tiaic'flitMrs)' 



(b) 




0:00 



1:00 



2:00 



3:00 



4:00 



5:00 6:00 
Tint (h«(in) 

Fig. 6. Influence of monomeric (a) and polymeric forms <b) of IB 
on yeast-induced hyperthermia. Average increase in temperature 
CO ± SEM. after administration of MIA ( ▼ ) and PolyMIA ( ♦ ) 
vs. control group (■). •p<0.05. *><0.0I vs. control. #p< 0.05, 
##;?<0.0I vs. IB. («=9per group). 
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3,5, Yeast-induced hyperthermia 

Traditional, inonomeric and polymeric forms 
showed antipyretic activity (Figs. 5 and 6): MIA and 
PolyMIA latency periods, respect to IB, were 1 and 2 
h respectively. 60 min after starting the pharmacolog- 
ical treatments, fever inhibition was 73.9% (IB, 
p<0.01),66,5% (MIA,/?<0.01) and die anti-pyretic 
activity of PolyMIA was not significant vs. control 
(34.5%), From time /=2 to f « 5, MIA and PolyMIA 
activities were higher than IB. Al r = 5, the activities of 
the compounds were 61% (IB,p<0.01), 42% (MIA, 
p<Qm) and 66% (PoIyMIA,p<p.pi). Atl=5,MIA 
activity decreased, as did IB after the sixth hour. 
PolyMIA was the only compound which increased its 
activity beyond the sixth hour (84.8% p <cO.Gi ), dou- 
bling the IB activity. 



^1; Discussion' 



IB coupled to pblynieric compounds' seems to pre- 
serve the non-steroidal antinociceptive and anti-pyretic 
Jactiyiiiesx^ original molecule (IB) [l^j. Thus, 
both mondmeric and^pblymeric methacryiic derivates 
of IB, presented not ;pnly similar but highei;;antinoci- 
ceptive activity than IBy 

The^ appearance of iunalgesic activity shortly after 
adnunistration of bpth^^^^M and PolyMIA seems to 
indicate; that P%^IlA:tould be active as a macro- 
molecular drug* ; in other words, in its polymeric form 
even before the IB has been released. Moreover, in the 
antipyretic test, in which it is necessary to reach a sys- 
temic circulation of the active molecule, no short 
response time was obtained. This result is in good 
agreement with the behaviour of macromolecular sys- 
tems that acts a 'macromolecular drugs'. 116, 17 J 

In addition, the results shown in Fig. 4a and b indi- 
cate a noticeable difference between IB, which is not 
able to counteract die nociceptive effects of acetic acid 
over 40 min, and die polymeric delivery system, which 
displays a noticeable antinociceptive activity beyond 
100 min after administration. 

On the other hand, after 1 h (MIA) or 2 h 
( PolyMIA) of their administration, bodi of them show 
more effectiveness dian the traditional IB on fever. The 
time-extended effect observed in antinociceptive tests. 



• h. 

■ v ' : 



■J: 
'J 

V* 

^1 



■k 

'/A 

t 



when PolyMIA was administered, is reproduced in the 
yeast-induced hyperthermia assay. 

The pharm^okinetics of new compounds would 
explain this pharmacological behaviour, so t^^j, and 
obtained were, respectively, 0.6 h and 41 fig/ml 
(IB), 1.6 h and 28 /tg/ml (PolyMIA) and 0.65 h and 
31 fig/nH (MIA). The polymeric form acts as a con- 
trolled delivery system of IB (r'^^ polymer and IB arc 
7.5 and 5.6 h, respectively), with prolonged activity 
with respect to the traditional IB form. 
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BIOLOGICAL PROPERTIES OF TARGETABLE P0LY[/V-(2 HYDR0XYPR0PYL)- 
METHACRYLAMIDE] -ANTIBODY CONJUGATES*" 

Blanka ^ihovd 

institute of Mierobio/ogy, Czechos/ovaH Academy of Sciences, CS- 142 20 Prague (CzecHos/ovakia) 

and Jindrich Kopecek 

institute of Macromoiecular Chemistry, Ciechoslovalt Academy of Sciences, CS- 162 06 Prague (Czechoslovak iai 



Conjugates of copolymers of N-(2-hydroxypropyl)methizcrylamide (HPMA) with anti FITC 
or anti 9 antibodies have been synthetized. Althbiigh partial iriitciivation of the antibodies 
does take place in the course of their binding onto the polymer^ the poli 'ner-antibody 
conjugates retain their specific binding activity both in vitro ond in vivo. It has Jbeen shown . 
that copolymers containing a quwrtemary ammoniurh group and a bound anti B antibody 
w^:&;^npi0r^ exp^^ssd^ 

r ; s '^ ' myci e aritibody^c^ 

the pth^^a^^ dli^dpepiidic s^^ in the side^^^ 

Iwihe^^ dig^itdablei^th^ 

those u^Uhithe mnjidgate 'c^ 

1...^ — ui .1. X ^- -deiWy^o's<e^VSc^ ' 





Cytotoxic drugs which- a^^ 
ment of ; tumors; autoimmune disease and 
in transplanted patieh^ ajre not specific 
enough in the sense that not Only the pathol- 
ogical process is affected by the therapy, 
but the suppressive activity ^so affects other 
normal cellular systems. These side effects 
are therefore factors limiting the use of 
the most effective cytotoxic substances. 

This dilemma, that is, the search for more 
effective cytotoxic drugs with a weaker 



Paper presented at the Second International Sym- 
posium on Recent Advances in Drug Deliveiy Sys- 
tems, February 27, 28 and March 1, 1985, Salt Lake 
City, UT, U.8.A. 



geperal effect, could ^ ^ " 

iargetur^ system^;^w^ 
efisure that ttie^dnig^ will; mcK iaiwi 
on the pathologicalvp^cess itsetf, Sudi txe^ 
ment is called aftoHy 'i^.- Jt^i'^'^' 

To find a genei^y appUcable ddiveiy tQ^ 
tem which could be used in moist cases where 
affinity therapy is indicated, a carrier has 
to be used which can change its targeting 
specificity according to the character of the 
pathological process. Many different targetiRg 
moieties are under study now but it seems 
that so far the only system which fulfils the 
requirement of high specificity has been 
represented by the antibody^-antigen reac* 
tion, where due to the high specificity of the 
antibody, precisely specified sites in the 
organism could be reached. 



0188*3659/85/$03.aO e 1985 Elsevier Science Publishecs B.V. 
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Antibodies as such are usually unsuitable 
for ttie thecqv as it is extremely difficult to 
me ttem in a way which would not hannfully 
dtakuib the already existing balance between 
Hie immune and the patholc^cal process 
without weakening the inununi^. 

The problems connected with the use of 
antibodks for treatment of a pathological 
dtuation are reduced if antibodies ore used 
not as a regulatory but as a targeting system. 
The n^ftfa problem hivolved in the prepara- 
tion of such antibody-drug complexes is 
ttie ftct that the chemical treatment neces- 
sary for the attachment of the drug to the 
antibody often destroys the antibody activilgf 
or results in the formation of an insoluble 
complex til . As a solution to this problem 
Ihe use of ^soliA potymers, either natural 

or- svnttiietic. ^as^ a bridge between 4the drug, ^^v:^-,-' 1^.,:-"^:^.^^ 



and in vitro systems. A drug bound onto a 
n ndegradable sequence is not released 
ftom the polymer neither during its trans- 
port m peripheral blood nor in the target 
tissue. On the contrary, the bond between 
the drug jind a degradable side sequence of 
the polymer — ttiough stable in plasma and 
serum [10] — is degraded by lysosomal 
enzymes [8, 9] which allows a selective 
release oif the pharmacologically active drug 
in the target tissue only. 

The dxQSfi tested were daunomycin and 
the pharmacologically active copolymer of 
HPMA with methacryloyloxyethylteimethyl- 
aimnonium chloride. As taqgeting structures 
two types of antibodies were examined. In 
a model system in vitro, the antibodies 
i^against a defied cheM 



lued asplug^^ oBacriew since thqr ;<jojiId ?be 
modifieii® a defined waor iin 



, v>-;iicailed^^i?.-idl6aiitaien 



fifid^^' a^*-denned^ ■^WMT'^m v'ConixaBi;^TO-..;Jr;^g«iea vm^f^^^f^^^^-^^;;^ 



" 'naturals ;macK)moiecuie».^ ^: aitouij;sm*w»« *Fr^--rT , . ^ - r ^ vn.^-' -^iXij^ - - > 



to 



po^ers haw been prepared and mteipvely 
studied tiZiiai . HPBlft c6iK>^^^^ 
bri^the i^W^ 

^iiibiin^i^ oligcip^pti^ 
tii^inated in reactive jp-n^^ 

,^jb||i^wh^ i»§bin^ 

^^sis Ud^lt^^^ active wmp^^ 

al^tfayk^^'lffl en>«P^ ^^V^P'^^^ 
biffareiit^ibligopeptidic side xhain^ 
studied wiji respect to tiieir^ras^^ 

by a nund>er of proteolytic en- 
such as trypsin [5], chymotrypsin 
[6]» pqp^ [7] and lysosomal thiol >irotein- 
ases such « cathepsin B» H and L 18, 9] . 

In this study basic conditions have been 
exandned which should be foUowed for 
btaiding antibodies to polymers in order to 
attain max t^«^ binding with the least pos- 
sible hiactiration of the antibody. Further- 
more, the activities of polymers containing 
degradable (G|yHPhe-Leu-Gfy) and non- 
degradable (G^y-Gly) oligopeptide sequences 
in side diahis have been compared hi in vivo 



Montse Js di^^ *9 ^ «Pl?Pfe «^ 



ii*^ 



pqrtitte8^2iiPMidi3).,^^^^^ : ovv : ^?%>^#:'-'#f^ 



* . ' * OH 

m 



(2). 



P-Giy-Giy-OMp 



>_0i y - Pn« - L«w — ^' y - ONp 
poiytntr prvcurMr ( 9 ) 

(b) Copolymer of HPMA with N-methacryl- 
oylf^iycylglycine p-nitrophenyl ester and 
methsicry' >yloxyethyltrimethylammonium 

chloride 
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111 *■ (2) + HxC 



CIO) 4- DNM 



ATS— DNM 
(23) 



Potytnor prvcuTflOf (Q) 



To polymer piecutson 4 and S daunotnycin 
(DNM) was bound: 



(4) -t- DNM 



(5) DNM 



61y-6ly-0Np 

Gly-Gly- ONM 
polymer precursor ( 7 ) 

Gly— Phe— Leu— Gly— ONp 

< 

Gly-Pne-Leu-Gly- DNM 
polymer precursor (8) 



To these pofymer precttisors 4^8» anti 
FITC antibodies (9)» anti 9 antibodies, ATS 
(16), monoclonid onti ^ antibodies, /i^TS 
mdotodoiudl or nonspedfte ^j»bbit^ 



MATERIALS AND METHODS 
Cytotoxic sssnti 

Dauuonorcin was obtained firom Rhone- 
Poulenc, France, Batch 87. 

The HPMA copol]rmer containing quarter- 
nary ammonium groups (6)i i.e^ copolymer 
of HPMA, AT-meOiacryloy^tlycylglycine 
nitrophenyl ester and methacryloylosyethyl- 
trimethylammonium chloride, was prepared 
as described in Ref. 11. The structure of the 
polymer precursor was as follows: 



1 

4 

-■ir4 




Gly-Gry-ATS 



(0) + 02V 



♦ HjN-CHj-CH-CH, 
OH 



* ^g(CH,>^r ^^^^ 



. ^L::--::r:^^yh-^^^ ■ -perfbrmed' ibyffl^&ihplysis, .^-Befo^ 

mining the biological property 
rier itself, thle x^^ 
deactivated ib^' atnihol]^ 
propanol to jrield polymer 20^ » 13/K)0. 

Prepantion of ami FITC anrf antl 0 vitibodie^^ 

Antibodies against fluorescein isotiiiocyan* 
ate (anti FITC) were prepared by ttqecting 
inbred mice C57L/J with 100 ^g of PITC- 
BGO (bovine gamma globulin) antigen, three | 
times in a two-week interval, incorporated 
in complete Freund's adjuvant (CFA). Sevra 
days after tiie last immuiuzation the serum 
was collected and the immunoglobulin ftac* 



(7> ♦ (10) 



18) ♦ (10) 



Gly-Oly-ATS 

*Gly -Gly-ONM 
(21) 



^Gly-Pne -L*u-6Iy-ATS 

""Gty-Phe- L«u -Gly - DNM 
(22) 



For the sake of comparison, a'daunomycinr- 
anti e antibody ooniMgate was also prepared 



.w.-iij,*!-'' • 
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, piniaared acoordi 

flie j^^iurag^^ ftaction was loepaied 



Institute of M lecular Genetics, Czechoslovak 
Academy ot Sciences, Prague [18] . 

Rabbit gamma gl buUn (RGO) was pre- 
pared by DEAE cdlulose column chromato- 
graphy. 



Monbdonal antibodies anti Thy*l^ (laG4/ 
C5) woe provided by Production Unit of 

nPlCAl CMIOMAf OMAM 



Binding of antibodlet 

Copolymers of Ar-(2-hydro3qn?K>PyU- 



mrmi mm Miitioiis 
NO nil ANiiMMsnmif HP iv smmhi. 
.miiCfiD MiTMi Piicwm 



't- .J- '■ J , ,] 
. . " fV 1 



HI) 



( - 



> r -It 

't ■ . T 




. ,. ; i, 1 ■;. .■ .' . ; .{"■J, :'■ " 



-5. .» 



NtVMII PtfCOiSOK 



.•■X., 




n«. 1 TniMl dnomatognun of free antibodies, potynwr meeonor and polymer4io^d «>^bo^M. The nbrture 
S a^ to aScSSm packed «itli flephan-e «B:4B (1:1) and dnted wUh TWs biifTer (0.0B M, pH 8.0) 
eontaining 0£ M NaCL 



mediacqflamide wiOi p' 

used 88 palyntoar canden* Tlie bindiqg reac- 
tion was aminolydB of p4iiln|dieiiyl ester 
(ONp) gvoups of qmOietic polymer mole- 
cules by MHi groups of immunoglobulins. 
It was possible to find such binding condi- 
tions (ratio of 0Np:NH2 groups; concentra- 
tion of macromolecular components in the 
Inaction mixture) that after the binding 
reaction no ftee antibodies were present. The 
neoessary condition is the presence of a 
high concentration of reactive ONp groups 
in the polytrer precursor — tiie optimal 
concatration is 8—12 mol.%. The anal]/^ : 
f reaction products was performed by gel 
penneation ch\x>matQgraphy (Fig* 1) and 
inimunoelectrophoretis (senritiviigr^ 10 '^jig/ 
mloffreeanl*^^ 

^: OHier bii^^ were sbso tiised. 

We hm to bind antibodies tp^ I^ 
CH^polyni^ the iUUow 




de metiiyl4-toluene8ulbnate, WccNlwyrab 

leagent K and 8-(2i]lyridyI^^ 

acid N4xgdK>icjfa^^ ester. Howerar, 

in all cases the i^Bactip 

both ftee ; and polymer4)ouiidiijt^^ 

even if polymers with a high^^^^^^ 

of 00^ NHi gioiqps Tran^nsed^^ 

tiUsv have performed idl^^^^^ 

sfm^'por^^ typical 
imcied^ descaibed laette^ 

Piepsration of sntl 9 intifaod!^ f f Hymsr-dnia 
conjuQitei '"^^ 



i» 21 and "k^, were prepared 
(P « pobmer and DNM » daunomycbi). These 
polymers were prepared in three steps: 

(a) npeparation of polymer precinsoxs by 
copolynmis»tion of HFMA with/f^methacryl- 
oylglycylglydne p^iibcopheiqa est^ (pol^oier 
precursor 4) or NHnettiacryloylArcylphenyl* 
alanylleittvlfl^cfaie jHiitroidienyl ester [14] 
(poljrmer precursor 6). 

(b) BtauUng of daunomycfai by partial 
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amm lysis to the po^er precursor (polymer 
precursors 7 and 8). 

(c) Binding of anti 9 antibody to tiie dr^ 
polymer coqjugate (coi^fug^ 21 aiul )i^). 
The synthetic procedure is demonstrated on 
the preparation of eoxq'ivgate 21 in tiie follow- 
ing paragraphs* 

nrepsfatioii of ami 9 antibody-eopolymw of 
HPIVIAMlaunomycin coniugste (21) 

(a) Prensration of polymer preeuisor 4 



■P 



f. » 



CK,< 



' «e«ton« 

Borc. Ut* 



:hoh 




■0 



It. 



-J. 



5 



• ^* .-I 



caoical iHDecqintafaon copolynieliizatiDii as i 




II* 



1 V', . v^^c-v^J^H 




OMSp^ 



NK 

t 

MH 



NH 



NH 



An amount of 0.388 g of po^er piecur- 
sw (2.7 X 10*^ mol of ONp groups) was dis- 
sohred in 1.6 ml dimethylsulfoxide (DMSO). 



0" 

In- 



To this 8oluti0n, a sohiti n of 0.044 gdauno- 
mydn hydxochloiide (7.8 X 10'^ m 1) in 
0 J ml PMSO was added. After thoiouf^ 
inixiiig an equivalent (7.8 X 10~' mol) of 
triethykunine was added. The mixtuie was 
stined 1 h in the dark. The resulting polymer 

400 mi acetone and 100 ml diethyl ether. 
Hie precipitate was filtered off, washed with 
the same mixture of solvents and dried in 
vacuo. The content of daunomycin was 2.5 
mol.% (7.7 wt.%); the content of ONp groups 
wa8 7.3mol.%. 



Si: 



ill'. * 



(e) Binding of anti 9 wtUMiiiy; 90»m of 21 

phoiphatv bufHir 



'/'''■'••■'• .■iiy,'''.Ti^ 



1 



buffer (pH 8) was added. After 10 min the 
reaction mixtiue was transf exred into Visking 
dialysis tubing and dialyzed against phoctphate 
buffered saline (pH 7.2). 

Binding of daunomydn to anti 0 antibody; 
tynShesisof 23 

The binding method was an adaption of 
the method of Yeh and Faulk [16]. Three 
milligrams of daunomycin hydrochloride were 
dissolved in 0.6 ml of PBS, pH 7.0. Very slow- 
ly a solutton of 10 mg of rabbit ATS in 0.6 
ml of PBS, pH 7.0, was added. After thbrougji 
mixing 0.6 ml of 0.26% glutaraldehydb'was 
added. The reaetton proceeded in the dark 
at room temperature for 2 h. After that tiie 



solution was i»K>lM to 4^ 





contammg /daanomyiBint^!(as deteotediat|480; 
nm) vWM pooled, ar^ 



iroiibuiinM ni^ of OKp 





te ■ ■ i^lymer ;precur»ffrf ' WX^ 



grojupiB 

gr«»ups o§f^0B antibody was 2:1 (assuming 
that 90|IfR3 groitqis are present in one IgG 
molecuk^l tiie weight concentration of 
macromolecu^ in the reaction mixtuiie 
was 4 wt.%. 

An amount of 0.122 g of polymer-aaono- 
mydn conjugate (6.2 X 10'' mol of ONp 
groups) was dissolved in 1 ml of diluted 
hydrochloric acM (pH 8) at 6%. To this 
solution, 2.27 ml of S^rensen's buffer (pH 8) 
was added, followed by 0.81 ml of the solu- 
tion of anti 9 antibody (46.2 mg) in the same 
buffer. After 10 min the temperature of flie 
reactkm mixture was dowly indeased to 
26%. After one hour a solution of 20 n\ 
of l-amino-2i>ropanol) in 0.2 mlof Stfiensen's 



^ Inuhunizfi^^ 
tions wiere . pep^^ 




> assay ongB-rv^pi^ 

'i (Institute .4pif|^j^£iysi^^ , Czechoslovak 
Acttlemy of S^eiices, Prague). During experi- 
ments the inice were kept under standard 
conditions. 

tnununiation* pr^iaration of antigem, knmuno- 
electrophoredb, and eytoloiiichy assay 

Antigen (16) or ATS were injected i.p. 
tiiree times in a two-week interval eitiier as 
a solute or incorporated in complete Freund's 
a4iuvant. Serum was collected 7 days aft^ 
tile last injection and was analyzed for anti- 
bodies. 

The preparation of FITC— BGC and FITO— 
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HSA antigens was performed by the method 
of The and Feltkamp [16] . 

Immunoelectrophoresis was performed ac- 
cording to Grabar and Williams [17] (Fig. 2). 



Cytotoxicity assay was pe^rformcd with 
spleen target cells of A/J mice. The two-stage 
dye-exclusion miorocytotoxic test was carried 
out as previously described [18], A schematic 




[.,1.-5 '.v-vi .:i 




' 'FITG''Senim|lffioi^^ anti mouse gaihndia glolmliaseruiiii; -^x ' Hl^Mi^^id-^ii^^uT^ft^^L v . ' " ~ f 



Ml?'*' 



V J J anti FITC antibodies 

^"■•^^ '«ntl FITC antibodies 

bound to copolyner 



C r T O TO X 



Spleen 
ly^phooytea 



incubation 30 
. —J 

37 



'incubation 45 

:7 '^C 



T Xynphecytes 



anti ^ antibodies 
or 

anti 0> antibodies 
bound to copolyner 



incubation 30 
37 *C 



incubation lis' 
37 **C 



C£LL DBAIH 



Detected in vitro by trypan blue exclusion teat< 
Fig. 3. Schematic diagram of the cytotoxicity test. 
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diagram f the cytotoxicity test is presented 
in Fig. 3. The cytotoxicity index (CI) was 
calculated as 



%of detd cdb with •ntiienim — % of dead cclb in control 
100 ~% of dead cells in control 



X 100 



Dataction of antibodlas by tho ELiSA 

Detection of antibodies was performed 
according to Engvall [19). Adsorption of the 
antigen to microplates (Koh-i-noor, Dalei^m, 
Czechoslovakia) proceeded overnight at 4^C. 
Wells were filled with ialiquots of 60 ^l (600 
Mg/ml). Next day the microplates were rinsed 
mth PBS, pH 7.2, and incubated at room 
" ten^^«Ji^ i:h^^^ 

I : 



and used as a 1% suspension in PBS with 1% 
fetal calf serum. Hemagglutination was carried 
out in the micromodification using plastic 
trays. The indirect hemagglutination (IgG 
antibodies) with aiiti gamma globulin serum 
(Coomb*s test) was carried out after reading 
the direct titres (IgM antibodies). Super- 
natants were removed and replaced by swine 
anti mouse polyvalent gamma globulin serum 
dUuted 1:100 in PBS. The plates with resus- 
pended erythrocytes were stored at 4% and 
again read after 3—4 h. 



Plaque assay 



Mice were injected i.p. on day I, X 2 and 
1 before antigen stimulation with different 
iBcmiplesv^as t^^^ 0 they were im- 

munized .with 0.5 M 



^ 5t i^rmsed' £^ 

Slime anti ,, IgG diluted 1:500 was 
added;: Th€|5^^ted sampi^ and the ct^ 



.- h-^ vV .I . ^ 



the trypan blue exclusion test. The number' 
V of ;plaq^^ i(PF:C) was estimated;? i 



iwn wM after lb imn wi^ 

i2vM; HjS04^^ absorbance was det^nnuned 
using the EUSA reader (Minireader MR 590, 
Dynatech) at 492 nm. ' 

For detection of anti FITC antibodies 
FITC— HSA (human serum albumin^ antigen 
was used; for detection of antibodie ^^?inst 
ATS the immunoglobulin firaction of ATS 
prepared by precipitation with (NH4)2S04 
(40% saturation) was used. 

Oetection of antibodies by passive hemagglutination 

Sheep red blood cells (SRBC) were sen- 
sitized with fluorescein isothiocyanate (FITC) 
by the method of MoUer and Coutinho [20] 



w^ witii 0 5 hil ^f ribtiPH . 

anf^^^j^ serum; (ATS) 2 ilay^ 



u 



arid 1 day:.pmr grafting and Z^i 

6 and 7 days following skin grafting. Samples ' 
17 (ATS conjugated with polymer containing 
positively charged groups) and 16 (ATS con- 
jugated to polymer without positively charged 
groups) were injected in the same time 
schedule in doses of 5 mg of ATS per mouse 
per injection. 

Skin grafting was performed by the tech- 
nique of Billin^am and Medawar [22]. The 
skin grafts were prepared from the taU skin 
of A/J donor mice (about 0.5 cm^ size) 
and trsrisplanted onto the back of the CBA/J 
recipient mice; both donors and recipients 
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tnducti n o1 onti cntibodiet in rabbttn 

PftparatMn of tffliminoQMultn fraction by ammonium sulphate procipitotton 
ConiuQOtion cT immunogfobulin ( onHbodlos. ATS) ond drug to synttiotie copotymor 
Tottino of tt» supprossivt offocl on antibody reoction to SRBC 



At 





only a trace 6T^i>aoj' surviving' ' 



mained (Fig; 5). j;^fS f 



RESULTS 



1 TABLE 1 



The effect of methods and conditions of binding on 
th activity of polymer-bound antibodi^ 

Covalent binding of antibodies to various 
earners, either soluble or corpuscular, is 
always accompanied by their partial inactiva- 
tion, the extent of which depends on the con- 
ditions of binding. In a model ^stem of anti- 
bodies against fluorescein isothiocyanate (anti 
FTTC) we have investigated the effect of the 



Effec: of different conditions of conjugation on Uie activity 
of the HPMA copolymer- anti FITC antibody complex: 
ELISA (enzyme-linked immunoassay) 



Sample 


Structure 


[ONpl 


Artibody titer* 


No. 




(WHJ 




13 
14 
lo** 


P-Gly-Gly-anti FITC 
P— C y-Gly— anti FITC 
P-Gly-Gly— anti FITC 
anti FITC 


6:1 
3:1 
1:8 


I: 8.000 
1: 32.000 
1: €5,000 
1:520,000 



^Exptessed as the last sample dilution with detecUble anti- 
body activity. ^ . . • 
^Nonconjugated free antibodies were detected m the sample. 
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lymphocytes of A/J mice with the bound 
FITC group were used as taiget cells. 

The results are summarized in Tables 1, 2 
and 3. It c^ be seen that under all conditions 
of binding (various ratios of the ONp and 
NH) groups) a partial inactivation of the 
antibodies took place, as is reflected in the 
decrease in the antibody titer (Tables 1 and 2) 
or in the loweg cytotoxic index (Table 3), i-e., 
in a lower percentage of the killed taiget 
cells. The in vitro detected decresise in the 
antibody activity was smaller in the case of 
the conjugate with fewer polymer groups 
bound to the antibody molecule. This result 
is obviously related to the fact that at a low 



molecular weight of the polymer (JIf w 20,000) 
the relaxively small distance between the large 
molecules of the antibodies (Mw 160,000) 
leads to steric blocking of their combining 
Sites and/or conformational changes of the 
antibody molecule, which both decrease their 
activity in ckussical immunochemical tests. 

Only in sample 15 (which contained a con- 
siderable initial concentration of the anti- 
bodies) a high antibody activity was detected, 
comparable with the original antibodies. How- 
ever, this activity was due to the presence of 
free unconjugated antibodies, as had been 
demonstrated by imniunoelectrophoresis 
(Pig. 2). 



■ ... , ■ ■* ■ ..■ -v. 
C^-i . ft.-. 

''. f.' ■'. ■' ■ 



TABLE 2 



Effect of diftiewii^tiioriclii*^ c6iijui3(atibnvon t^^^ activity of the HPMAs ^-^^^t^^^m^^^mim'^ 
cppoIymeMnti PITC anti^ ' 




■ ft 



Sample Structure 

No. r " 



[ ONp ] Concentration ; Cytotoxicity index 




13 


P-Gly-<5Iy— anti FFTC 


6:1 


800 


34 






400 


21 


14 


P-GIy-Gly--anti 7ITC 


3:1 


800 


39 








400 


27 


15« 


i^ly— Gly— anti FITC 


1:8 


700 


88 








350 


62 




anti FITC 




800 


95 








400 


67 



^Nonconjugated free antibodies were detected in the sample 
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In vitro cytotoxicity of HPMA copolymers containing 
pharmacoloflicalty active compound and targeting 
antibody 



In this series of tests, anti e antibodies 
(ATS) were used as the targeting structure. It 
can be seen in Table 4 that, similarly to the 
case of anti FITC antibodies, anti G antibodies 
are also partly inactivated by their binding to 
HPMA copolymers, leading to a decrease of 
their cytotoxicity. If the binding has destroy- 
€d or blocked the binding site of the anti- 
b dies, such molecules lose their targeting 
capacity. If. on the cihter hand, the binding 
site is still intact and the low value of the 
cytotoxic test is duo to the fact that the 
antibody molecules aie oriented on the poly- 
mer SO' thafcithey^cajinot 
plement systeiiii.(C' ) they may stUl be vmua^^ 
a8-^:ta3«etirig>;sfeta 

fiuiction; tbe$ound; c^g is^respotow 
a polymer; cohtjadhihg both^^^ 



il^pdy^aiidth^ 

a; than^ the^ polymer ccntainmg only ^th^^anU 



body ^i^bit pharmacologiciyiy 
compound. 

g^jPhe; targctir^^ antibodte^^^ 
l^^seem in?:i^^ 



20, copolymer 16 with a b und anti 0 anti< 
body but vnthout positively charged groups 
was used. It can be seen that the cytotoxicity 
ol copolymers 17 or 18 containing both ATS 
{md positively charged groups greatly exceeds 
that of the nontoxic HPMA copolymer (16) 
bound to antibody only or that of tiie sample 
in which instead of specific antibodies non- 
specific gamma globulin was used (19). Co- 
polymer 17, which carries ATS antibodies 
as the targeting structure, is 2.6 times more 
active in a system without complement and 
70 times more active in a system witli com- 
plement against T lymphocytes than a similar 
copolymer containing normal rabbit gamma 
globulin instead of specific antibodies (19). 
The toxicity of the copolymer with positively 
charged groups., decr^^ 
immunoglobujin moleciUes, obi^^ ^ 
to a linrite<riht«rj^^ surfcwe^ 
: -The^conjugate contammg monoclonal.ana- 
iDodies (18),. possesses^ a Ipww . , 

^^Rari that;cohtainmg; cpnventro 

the coiyugat0;:cqfnf^ms5 a ilo^r ^^^ua^^ ft? ; ; i:f ; ; 
the polymer with positively charged groups, f ^ : 
and also that because of their monospecificity,, , 
mohocloxlal antibodies react, with, a smaller 



'ri-i 1 



jijgated 51^^ isol§ted{:^frb^^ 
^^rabbit y^i^^^ nserum (17) at to mdndcldiud 
gmtt .Th3^;2 a^^ (18) or to nraspecifi^ 
mbbit gam^ (19). As a jcon^bl bf 

the pharmacological activity of copolymer 
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TABLE 4 

Cytotoxicity of anti 9 antibody tiound to HPMA copolymer 



Sample Structure 
No. 



Concentration of ATS Cytotoxicity 
(MC7inl) index 



ATS 



l.SOO 
150 



16 



P-Gly-<5ly-ATS 1.600 

320 
160 



94 
50 

46 

36 
21 



poljnnfern^ of the sa^ ^ 

is demonstrated iiv^i^ 6. In the taWe Jh|,^^^ 
adivitie^^!pf bound; to the v^^^ h 

polsrmer^; coi^^ sequences degraii?^^ . 
(22) or nbnid^Sradable (21) by lysosomal 
enz3rmes are compared. The toxicity of the 
sample with degradable sequences consider- 
ably exceeds that of the sample with non- 
degradable sequences. The copolymer con- 
taining sequences Gly— Phe— Leu— Gly— DNM 
still possesses some cytotoxicity even at a 
concentration of 3 jug of antibodies and 
0.4 itg of daimomycin, while that containing 
nondegrac ible sequences is toxic only at 
a concentration of 1250 jug of antibodies 
ptrd 250 tig of daunomycin and hi^er. A 
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TABLES 

Cytotoxicity of HPMA copolymen containing positively chatged groups end/ov anti Q antibody 

Concentration (Mg/ml) Cytotoxicity index 



Sample Structure 
No. 



copolymer ATS(RGG) withC without C 



16 IM3ly-<3ly-ATS 



17 



Gly-Gly-ATS 
N(CH3),Cr 



9 



4 



5,000 


2,500 


61 


5 


2,500 


1,250 


54 


3 


1,000 


500 


46 


3 


500 


250 


39 


3 


100 


50 


21 


3 


50 


25 


13 


3 


25 


5 


3 


3 


7,500 


4.500 


96 


43 




2,250 


79 


33 


1,500 


9t)0 


■/^^67 


29 


750 


450 


- -^^^ISO' 


17 


150 


*)0 


28 


5 


75 


45 


20 


7 


25 


* 


■ /:^^5.^';- 


5 


3.750 


2.250 




32 


;1;876''^.; 


v^>^i;i25 -S: 




■:.J27 



750 

376 



.450 
225 



20 
10 



-^^i600 Mr-^^.v^2.250;v^ ; '-^^^n^^'---- ^::-28iV^A^^^^^^^^^^ ■ -^y^^^^mf-^ 



>':,:.'j 




.,•1. ' i- ■ '■ 



i ■ 



150 
100 
50 
25 



45 
40 
32 
20 
0 
0 
0 



comparison with the results in Table ^, where 
the toxicity of firee daxmomycin is prc<^««led, 
reveals that daunomycin in the copolymer 
with nondegradable sequences is obviously 
inactive and that for the toxicity of the 
sample the antibody activity is responsible* 
It can be also seen, by comparing tiie cyto- 



toxicity of the copolymer with degradable 
sequences containing daimomycin and that 
of free daunomycin, that to produce the 
same cytotoxic effect the ceU culture must 
contain tmace the amount of free daunomycin 
compared with the polymer carrying the 
targeting sdructure. 
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TABLE 6 

Cytotoxicity of HPMA cop lymera containing daunomycin and/or anti O antibody 



Sample Structure 
No. 



Concentration (Mg/nH) Cytotoxicity index 
polymer ATS DNM with C without C 



21 



CJly-Gly-DNM 
Gly-Oly-ATS 



22 



Oly-Phe— Leu— Gly— DNM 
CHy-Phe-Leu-Kily-ATS 



I', 



. ■ '/ .,1. 



6.500 


2,500 


500 


43 


0 


3,250 


1,250 


250 


40 


0 


1,300 


500 


100 


7 


0 


650 


250 


50 


5 


0 


130 


50 


10 


6 


0 


65 


26 


5 


2 


0 


4,800 


2,500 


355 


99 


99 


2,400 


1,250 


177 


99 


72 


960 


, 500 


71 


99 


43 


'480 


250 


35,5 


99 


30 


96 


50 


7.1 


70 


11 


48 


25 


3.5 


56 


0 


-.24 . 


. ... A^, 


1.8 






■^-■12^;- 


": % 


0.9 


■ 30-:'v;. 


o: 


- 6. 




0.4 


















Effect on the antibcfdy reaction determined by the 
Ti^imberof pt iir tlie ^ 



fraction. 

il ] In T^We;8/^ 

i^igi=l(*?l^ ^¥MiuJ c^^da^ (21> Mser 

, ............ ^IJ^asn^^^ip*^^ 

^ !^he spl^pf the mmui)^^ antibody 

/ TlAttoDhatic crils^ be detect ix^iicH^Me^ S For ^^iMtm^rhk^ 'ro^r^i^&^^^^^r 



jnmphaitic be de^^^Siv^kiH^ 

can ^'be ' ienum bjr' 1a ifceduii^iie'' which 
de|ects%tKe; ' indiMilual aiitiPSRBC antibody 
producing cells aS^y cells:(PFG), 
By the irijectkih of anpi f antibodies' (ATS) 
into an oiganism, thosc^ immunocompetent 
cells are eliminated which carry the corre- 
sponding surface antigen {B alloantigen). 
The decrease in the number of 6 positive 
lymphocytes impairs the immune capacity 

f the organism and reduces the number of 
PFC. In Table 7 the effects of the activity 
of the whole ATS, its immui oglobulir frac- 
tion and of ATS bound to a copolymer \fith 
side sequence Gly^xily ;ire compared. Similar- 
ly to the tests in vitro, the covalent bindii^ 

f antibodies to the ccpolymer brings about 



For comyp^^ threieBmore ^grmibs^f :lhi(^ 
were mchud^^ne^ 
the pharmacoIbgicaUy- 




the pharmacblogicaUy in^ 
^(16) and the third group was injected with 
ATS alone. Mice which received a ooire^pond- 
ing quantity of normal rabbit serum served as 
controls. It was found that all samples tested 
were active and had affected cdlubr coopera- 
tion of the immune ^stem, as reflected in the 
reduced number of PFC. The copolymer con- 
taining ATS and daunomycin on degradable 
sequences «^as the most active, being approxi- 
mately four times more active than the whole 
ATS serum. On the contiary, daunomycin 
bound ^o the copolymer with nondegmdable 
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TABLE? 

The suppressive effect of anti $ antib dy b und to HPMA copolymer on antibody response to 
SRBC 



Sample Structure 
No. 



Total dose of 
immunoglobulin 
per mouse (mg) 



Application Number of IgM PFC/ 10' spleen 
injections cells 



16 
16 



ATS* 12,0 
ATS 12.0 
P-Gly-Oly-ATS 12.0 

12.0 



16 



Control 
P-Gly-Cly-ATS 

Control 

P-Gly--Giy-ATS 
Control V 



6.8 
6.8 
6.8 
6.8 

3.2 
3.2 
13.2 
3.2 



'5 ^'~^<.y.i'/ 



l.P. 

Lp. 
i.p. 
i.p. 

i.p. 
i.v. 
i.p. 
i.v. 

i.p. 
i.v. 
i.p. 
i.v. 



4 
4 
4 
4 

5 
5 
5 
5 

5 
5 
5 
5 



740 
1,700 
29.000 
41,000 

3,600 
4,000 
18,000 
22,000 

43,000 
25,000 
44,000 
44,000 



- ^Anti 

■ -iw, ' . 


9 whimlwithout'fiai 


!tidhat 






' >^^.ttvely 


lippressive effect' of; 
charged groups o'b^a 


t - ^ ^ . 

' ^' ) . ' 

/ ' ' ' 

ntibpd 


■ '• • V'-* I E' ■' ' .1 "''V' ''w ' • ' 

^ copolymers cpntfuningianti'd 
y reipome to SiEt]gC>;^ i^^:':-':: 


antibody and dauriomycin or ppsfc 

• ' f'- '-li-^^ ll'-rUfe > i.v^^tH:i '^.i^ft^v, 


,', i , .;,No.,- ." 


le uStructure . 

^ ^ / . - ." ^ . 


■ ' 'J' ■ 

„ V ; . ' '■ ■ - 


■•■^ f;/,wjr,,. . Total .dose; !qi 

-■^r -imniumi^oU^^ 
V ; - -^-nll'-^-;'' P«r^«ouite:({hg 

■ ■ ,^<>'' -jv^'/ . ■. > V r 


DNM IgM PFC/ ip* spleen cells 

■■ V !. 7. Tf-i.^J; .'-^.L,,. ,.,>.:^ 



; /ft * ' -^ ,/ 



-r 



.4 1 'A' ".'fJ-.t 



'U6 



12.0 



800. V ^ . > 



,1^ X ■ 



- ; ip Gljh^rGly-rATS (monoclonal) 
*^ v>^N(CH3),cr 

''■''p>Siy-KJl5rr^ 
*^ Gly^ly^TS 

Gly-«ie— Leu— Gly— DNM 



12.0^ ^f^Y". 



17.300 



.l.-v<,,-r.-.f 

1>t • . 



, t7;700 V - 



21 

2i2 



12.0 

'.V 

3.0 



2iS <;^a6.ooo 



0.4 



^ Gly-Phe— Leu— Gly— ATS 
Control 



1,100 



51,600 



sequences appeared to be inactive, similarly to 
the case In vitro ^ because suppression cf the 
iiunune response was the same as with the 
copolymer can'ying on?y ATS antibodies. 
The polymer with monoclonal antibodies 
in which instead of dauuomycin the toxicity 
was carried out by the copolymer with 



potitively charged groups, wa * 16 times less 
active. 

The effect of HPMA copolvm< .5 containing 
positively charged groups at- J « nti d antibody on 
the sunrival of skin atlograr.* > mice 
In order to compart the effects of the 
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(S) Muctioo of onti - 'O' ontibodiu ( ATS ) in rabbits 

Prtporotion of imiininoQlobttQn froclton by atnmoniuin «uipttot« pracipttotion 

© Conjuqotioft of immmoQiobufin ( antibo4its, ATS ) ond drug to tynthftttc copotyAcr 

® TtsHng d !lw suppmstvo iifftet on transptomrotion rooefton 




•urvivoi timo of oUik 
tntn«pl«n!ft isMicotos 

tlio tfffCtivOOM of 
antibody * oopolyMor- 
druQ con{ii90to» 



~ f '■'3 



Fig, 5. Schematic diagram of skin transplantation, 

phamacolpifically active c^HEMA^cpp^^^ 

' aloiie (^OKjof^the samci copolymer 
antibodies and of t^ie phar- 

v.ihf^cologlcdiy inactive- copolyrrier bound to; 

■'^rS /antib<^ies (16>,v:ivei used^klso th^itxans^^c; 
plantation reaction aii the second ih viifo 
model (Fig. 5). Ih the test^ -skin allpgrafts 
were transplanted to mice differing Vin^ the 
strong histocompatibility Ideas (dondfs: ah'^ 
inbred strain A/ J, histocompatibility locus 
recipients: an inbred strain GBA/J, 
histocompatibility locus Alt animals 

were femiales of the same age. Figure 6 shows 
that all mice of the control group rejected 
the skin grafts within 8 days after trans- 
plantation, similarly to mice which were 
treated only with the copolymer 20, ad- 
ministered in the totil dose of 58 mg. On 
the contrary, the group of mice which re- 
ceived ATS did not show any signs of rejec- 
tion until the 19th day after the transplant 



.1 ■ 



J.. 



tation, when the experiment was tenninated. 
■ Compared with; this'finding^^^^^ 



received .^ AT^^ on the cppoly^^ with ; the 7 
: : Gly— Gly side sequence (16) ' tejfectiESl ' tfae / 



^1 11- . 



1* 



* V • . ■ 



1 




to 



IS 



AIS 



<OITtOl 



Fis 6. The effect of HPMA ropolynier* conUinin^ 
posit* ely charged groups and anti 9 antibody on the 
survival of skin allografts in mice. 
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grafts within 14 days after the transplantati n 
and the giroup in which ATS was bound to 
the copofymet with positively chaxged groups 
(17) rcsfected grafts within 16 days. None of 
the administered polymer coiqugates was 
more active than the whole anti 0 serum. It 
should be pointed out, however, that the dif * 
ference in the rejection of the skin grafts 
between the controls and test groups seems 
to indicate that also in vim the antibodies 
bound to the copolymer may exert their 
targeting effect in transplantation reaction, 
and that the activity of the samples should 
be strengthened by choosing more effective 
drugs for binfding. 



Cytotoxicity of DNM atta^ed directly to the 
antibody mbi^ie wttNMit a polymer spacer 



We.hav^|i|ompa^ the activity of jSrt^ 



< - 



■'A. 



iil.t i ; 



• ■. ,-„'^^^v;-v■*■ 
U " . , I'^'lLr- 



TABLE 9 



mycin bound via a polymer spacer with 
that of daun mycin bound directly to anti 0 
antibodies. Althou^ the binding conditions 
were not the same, since daunomydn was 
bound to the antibody molecule by glutar* 
aldehyde and not by aminolysis as previous- 
ly used for binding daunomycin to the 
poljrmer, a comparison of the effect of the 
two samples underlines the advantages of 
using the polymer spacer. Direct binding of 
daunomycin on the antibody results in a 
poorly soluble complex in which both the 
antibodic s and daunomycin lose their activity 
(Table 9). To obtain the same effect, i.e., 
the same cytotoxic^i^index, the daunomycin— 
antibody complex must contain an almost 
ten times higher concentration of dauno- 
mycin aiid a SOO ^^aes higher concenta^^ 
of ATS than the complex daunomycin— 
pblymerr-ATS (cf . Ifables 6 and; 9). - > 



-/, ,A .V. 



: ..V 



Sample Structure 



CDncentration (jig/ml) Cytotoxicity index 



i''' ■ 

':^Hts 



ATS 



ft a. 



1 :fi 



?s^;2i500 
S:il;250 



DNM 



23 



ATS-DNM 



2,500 
1,250 
500 
250 
100 
50 
25 



daunoinyciK. 




;iOO 




99 




66 




60 


1 ,1, 


42 




29 




15 


17.5., 


99 


8.8 


77 


3.5 


39 


1.8 


28 


0.9 


31 


0.4 


18 


0.2 


17 


17.5 


40 


8.8 


35 


3.5 


32 


1.8 


29 


0.9 


15 


0.4 


8 


0.2 


3 



U -.5. 



1.- 4 



, . -^v^-- 
" viv"' .r«.,t 
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TABLL 10 



Immunogenicity of anti e antibodies (ATS) bound to HPMA copolymer: ELISA 
(enzyme-linked immunoassay) 



Sample Structure 
No. 


Injected dose 
of ATS (Mg) 


Antigen form 


Antibodv titek 
against ATS 


16 P-Gly-Gly-ATS 


100 


soluble 


1: 8,000 




100 


inCFA® 


1: 32,000 




10 


soluble 


1: 4,000 




10 


in CFA 


1: 16,000 




1 


soluble 


1: 2,000 




i 


in CFA 


1 : 8,000 


ATS 


100 


soluble 


1: 32,000 




100 


in CFA 


1:130.000 




10 


soluble 


1: 8,000 




10 


in CFA 


1: 16.000 




1 


soluble 


1: 500 






in CFA 


1: 4,000 r 



.Complete Freund*s adjuvant. 



Immunbgenicity dflanti 0 antibodies fobumji to the 



For . Uie u^^f, HPMA cppolyn^ 
medicine it is e^^ to test their im- 
munogenicity,%isito be suie that their ad- 
imnistratibn. d^^ip not lead to. alleigic; re^ 

mtoogeni^ cbpolj^ers^ 
^which ; have b^rf /ab'ea^y (cfJ vDisr 

cussiori) V wer^^^ by ^ experiments 
fojf testing tHS^i;(lE£ect of antibodies boimd 
to thesf tcopolpa^rs on the immunogenicity 
of the compl^M|rhe antibody response was 
tested in inbred^inice of strain A/ J immunized 
with a soluble simple, le. with a form which 
can potentially^vbe employed in therapy or 
with a sample incorporated m complete 
Freund*s acfjuvuit (CFA). The results pre- 
sented in Table 10 document that the im- 
munogenicity of ATS free or bound to the 
HPMA copolymer (16) is similar. Very small 
differences were observed in response to high 
(100 fig) and to low (1 ixg) doses. In ttie range 
of high doses ATS alone induces a higher 
response than ATS bound to the copolymer 
(16). This result is obviously due to the fact 



-'■ ■ ■ " ■ ' ^'■■■^^tl ■ , 

■ 'pr ' . ' ■ • ■ . ■ 

that after;,.binding itu|^ y -pplymer ( some 
Epitopes (antigen udete become in- 

accessible to iminimocqm^ cells, and do 
hot lead io ii\&ix stjmufatiOT^ opposite 
is true when ia very low aanbim antigen 
lis administered: in. tti^^case , ATS on the 

l^y^^^^Pe^^^ <t^!fe>re ^munogenic 
:jKML.ATS.al^^^^ 



DISCUSSION 



' ^'j&^y; ^^'If icSri> • ■ ;V^-: > 

; The effectiveness y^^o^ is 
predominantly a^^gue^ 
and of the effectiveneasicif itte^^^ 
moiety of the drug comptex {241. In this re- 
spect the most promising^are entibodies which 
are able to distinguish specific antigen deter- 
minants (epitopes) of the target tissue and to 
react exclusively with them. However, their 
wide application, especially in antitimior 
therapy, is still limited by the fact that in 
many tumors the expression of a specific 
antigen has not yet been described. 

Even while the idea of affinity therapy 
is essentially a simple one, it nevertheless 
calls for caution and detailed knowledge of 
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many technical problems. We Uieief r have 
chosen a well defined model which allows us 
to study tiie activity of the antibody-poly* 
mer-drag complex not only in vitro, but 
mainly in vivo, sensitively and, above all, 
quantitathrely. The anti 0 antibodies ussd as 
the targeting structures react in vivo with 
immunocompetent cells carrying 0 alloantigen 
(T lymphocytes). This leads to activation of 
the complement system and consequently 
to the deafli of the cells expressing 6 allo- 
antigen. As a rcsuH of T lymphocyte elimina- 
tion the antibody reaction decreases. The in- 
tensi^ of the antibody reaction can be tested 
either by the serum antibody level or by 
estimation of antibody releasing (so-called 
plaque forming) cell number. In addition to 
theoretical advantages we bielieve that^ such 
model can. be: applied in medical; jp^ractice. In 
the post^transjplantatibh peri<!^ pat^^^^ are \ 
treated with cytostatic iimnimosuppressii^^ 
dhigs, of 'wliich oh5|i5Sues 

olJier tiim^^^ is as imdesi»ble are; 

'the toxicfl'side e^^cts in the inreatment of 

tumors.-'^ ■ "-^iH^^ " 

. One of the, problems of affinity thmpy is 
the faci i^^ binding both tbie anti- 

' body -ai^^ often lose isbm^^t^ of - 

tiieir on^nal activity. We 1^ tn&efore 
tested various procedures and conditions of 
bindingl^f autitibbdies to soluble IffMA 
pblyioaer^^ would guarantee th^t after 

bindii^^ 1^^ wiU reniain in 

tfie ^^^ time their in- 

activatim be as smaQ as possible. 

It vras' found that by the methods we have 
used covalent binding of antibodies to the 
polymer carrier always leads to their partial 
inactivation. Howev^, inactivation demon- 
strated by serological tests need not always 
mean that the antibody binding sit is af- 
fected. For all classical serological tet^Ui uot 
only the antibody binding site (Fab frag- 
ment of the immunoglobulin molecule) is 
necessary but also the effector pert of the 
antibody molecule (Fc fragment) has to be 
intact and able to activate complement (C) 
for cytotoxicity, bind the secondary anti- 



body (RIA, ELISA) or be capable of such 
steric orientati n which makes agglutination 
possible. In the case of Fc fragment blocking 
the serological reaction is characterized as 
negative, although binding between the anti- 
body combining site and the antigen deter- 
minant (epitope) has taken place. For the 
purposes of affinity therapy the effector 
function is taken over mainly by the bound 
drug. This is why apparent inactivation of 
antibody molecules (if not too strong) demon- 
strated by serological tests does not always 
mean that the complex is unsuitable for 
affinity therapy. 

We have compared the in vitro targetable ^ 
activity of ATS conjugated to the two differ- 
ent copolymers, copolymer 16, which is non- 
toxic to ceils, or copolymer 17, which! sdbng^;^ 
with the^Gly-^ly sequences in side chsum^ 
also contuns q^iu^ 
and po^seiB;a^prq^ 

against ; sj^h^viym^ Altiiqugh: .th0^ 

toxicity; of ^^^^ contaiiiing qdurtarvj 

nazy anintbrnv^^ : (^7) 4^' 
iraeased^jbi^^^]^ half due to binding 

with the antibodies, the targeting ATS anti 
bodies have nd^^ : complei^^ 

70 times cpmpsure^ 
^specific gattmiaL^globuK^ 

The highdcytqi^^ 
(17) canying^^pjCMM^ charged (and hence^ | 
pharmacolpgicayUyl^^^ and ' thei^^:; 

specific antibody confirms the assumption i 
that the smtibpdi^ t«,'sts; . 

appear su'-ina^^ their 
targeting activtty 

If the compound bound to the polymer 
itself acts upon the cell surface (is surface- 
active) or if the copolymer itself exerts such 
an effect, the problem of degradability of 
side chains is not the essential one. On the 
other hand, it assumes greater importance if 
the drug to be bound acts only intracellular- 
ly. Such a drug must penetrate into the ceUs 
by endoc3rtosis and must be released there 
from the polymer by lysosomal enzymes to 
become active [2, 3] . 

The toxicity of polymers containing 



'■'■SVli't'-Ji 



1., .^j . 



daunomycin bound at the ends f ligopep- 
tide sequences which are either degradable 
(22) or nondegradable (21) by lysosomal 
enzymes were compared in vitro and in vivo. 
In vitro, with 12 ^g ATS and 1.6 Mg dauno- 
mycin on the polymer 22 a comparable cyto- 
toxic effect was observed as with 1260 iig 
ATS and 250 mS daunomycin on the poly- 
mer 21. Such a considerable difference sug- 
gests that daunomycui on the polymer with 
nondegradable sequences is inactive and the 
c:i;otoxicity is ensured only by means of 
bound antibodies. It is also interesting that 
the conjugate tested is more active in the 
presence of complement (C') although the 
increase in cytotoxicity cannot be explained 
merely by the effeot of bound antibodies. 
This resultc suggests thpt the crenHahces (via ^ 
some mechanism: as yet unknown) the toxic 
effeci bf ^the daiinqm^ > 
,;:complex; ■ . ' . ■ 
4 K Similajr^.rc^ as in^ vwere; also 
:>^^>teined^irt uwo^^ in i^periments in wbich^tfe^ 

;iect on the immiine response ^ag^^ 
- was tested^Daunomycin and ATS bound "tc^ i 
polymer with degradable sequences (22) 
are fom, times more active than ATS.done» , 
; and s^^^tin^ ^n^ore acth^ t^ D[NM ^i^ 
ATS bound to a.'poljaner w^^ 
.sequences :(21).. 5 , 1 \ la 

: The results reported show the impqrtain 
of the drug: being -bound to a sequen^^ 
which -it could be released in aLconfirpla^ici^^^^ 
way at the site of the assumed effcHpt^^^^^^^ 
random: and insufficiently deffoed^J J^^:^^ 
between the drug and the carrier may i4s(sily ^ 
lead to inactivity of the whole complex. 
Another important £biding which ensues 
from the in vivo experiments is that also 
under the conditions of an intact organism 
the antibodies (and the drug) bound to 
soluble HPMA copolymers may reach the 
taq^et tissue and act upon it. A similar 
finding, i.e., the accessibility of target tissues 
under in vivo conditions, was shown by trans- 
plantation experiments. In the latter, how- 
ever, we did not succeed in achieving the 
same result as in experiments widi the inhibi- 



tion of antibody f rmation. While th ad- 
ministration of wh le ATS resulted in skin 
graffc survival throughout the period under 
observation (19 days), ATS bound to a 
pharmacologically active copolymer (17) put 
the rejection of the skin grafts off only by 6 
days compared with controls. This result can 
be best explained by the low toxicity of tiie 
copolymer used. So the results of this experi- 
ment should be taken as an example how 
the choice of a pharmacologically active 
compound is essential for a successful applica- 
tion in vivo. In addition to a suitable drug, 
the quality of the antiserum used is also of 
a great impprti^ce. Itansplantation reaction 
is a complex immunological process in which 
a number of cell subpopulations differing in 
their ^ surf ace .structures take part. For this . 
reason, imUke^. m where the 

inpnqspwifiq^ aiM^bpdies setected^^f i 

for jiffin^ is^ the mail clue to S^^^^ 

,^uccessf!d ,^i^^ .the ;^cpur^\p^ i 

the, dis^ 

Iflantatioii^^rea^^ possess^k 
ranges of spei^itiiss j fum€«i : against, 
components which are involved. Results ob-^^^^^^ ' 
foined so fari^with;;:^chi models are;,contrary;^^j^^i^^: 

dictory.;m arrfHilgertir^ 
|t. al. [26], ^did, nc^^ 

i}ie sumvs^ of skjin;]^^ after the admiiustra- ' ' 
tion of ahtilympfi^^ serum ^ ^with^ iile 
l|oimd dn^^ repiwrted^ 
^ extended survivadiiof boifc^sl^ 
transplants in rats after the ?administra 
of ^chlorambucil bound to jantilymphorat^ 
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silobulin. In all those experiments drugs ^wei^^ir^^/^^^^^^^ 
bound directly to the antibody without a 
polymer spacer. At present methods of direct 
conjugation of antibodies with different drugs 
are siaidied in many laboratories and aimed 
chiefly at antitumor tbmpy [28—35]. 

We have also compared the activity of 
daunomycin bound directly to the antibody 
(23) with that of daunomycin bound to the 
antibody through a polymer spacer (22), 
Even bearing in mind that two different 
chemical approaches were used in the binding 
(glutaraldehyde in binding the drug directly 
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to the antibody; amin lysis in the binding 
to the polymer spac^)» differences between 
the two preparations are still considerable. 
To achieve the same ettecU the same 
cytotoxic index, the complex of daunomycin 
and antibody must contain a ten times higher 
concentration of daunomycin and a two 
hundred times higher concentration of anti- 
bodies than the complex in which a polymer 
spacer has teen used. 

To consider the soluble HPMA copolymers 
in connection with their possible application 
in human medicine, it is absolutely necessary 
to have sufficient information about the 
defense reaction which their administration , 
mi^t induce in the recipient. For thiii reason, 
great attention has been devoted to the 
mimunc^exucity of these compounds. Al- 
thowghiaSnumber of factors, such as molec- 

ular;;wei|ht» compositioiiH|oCft9l^*^P^ 
seqiiier^^ effecit of dif^i^^ 
'pf ' the ' boTiMl ^diug^ tai^ i^g^etic 

>v dispositiom 

been 
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in this study not only allow us to reduce 
the doses of cytostatics, but also to restrict 
their effects to a certain tissue only, their 
appheation as drug delivery systems is promis- 
ing, in spite of many problems as yet un- 
solved. 



CONCLUSIOiMS 

1. By binding to soluble copolymers of 
(2-hydroxypropyl)methacrylamide the bound 
antibodies lose approx. 40% of their original 
activity. 

;c 2. The . pharmacologically active copolymer 
of HPMA (with i 3sitively charged side chains) 
conjugated to anw B antibody is seventy times 
vjmbre^ lymphocytes carrying ^ 

f alloantigen than: a similar copolymer carrying 
^ nonspecific gaQiln^globulmv ;v^.- -^7^ ^ f 
3: The drug^^fdaunom^ -;bouiid ,,to th^^^^ 



i 



:coiwlymfEflr^ ^^hrough .^a 



^•yvr-- t^!;Ex^Smmt8^ 



proved'- 

rise to^a s^nificant inunune resppiise [36— fectively than the copolymer With^'ffi^^^ 

bound to la hondegradable s 



.pM--: rbent' sKciv/ed thiit^t^ activate 
f-'P^ cpmplejm^nt only at very lngh-c^nc«ri^ 



^(kug^plym^^ ; 



, (20 mg/ad) whic^ 



Triot jm8BS into tcwnJSSJ^^ 
tra^w^ mg am^^^ 

the actiWtyiof Tthie M [39] , 

It, ma^ be said, in "condusidniv that the 
results reported above justify this concept of 
using soluble copolymers^bf HPMA a^^ «% trans- 
port molecule suitable for affinity tnerapy. 
It has been demonstrated that targeting anti- 
bodies are highly active compared vnth non- 
specific gsimma globulin and that it is ab- 
solutely essential that the drug should be 
bound to a defined oUgopeptidic sequence 
which would guarantee a controlled release 
in the target tissue [14]. It was found that 
the synthesized drug— polymer— antibody com- 
plexes are active not only in uitro but also 
in vivo. Since the conjugates investigated 
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ABSTRACT: Thermotropic chiral nematic side-chain copolymers were synthesized and characterized by usmg 
(lS,2S.3S,5H)-(+)- and (lfl.2ft.3if,5SH-)-isopinocampheol as the chiral building blocks. The hehcal twisting 
power was found to correlate with the volume swept out by the chiral pendant group via rotation for a given 
nematogenic monomer. However, the enhanced mesomorphic order introduced in both the nematogenic and 
chiral monomers as a result of an increased extent of conjugation or a shortened spacer length was found to 
reduce the helical twisting power of the resultant copolymer. Hence, both factors have to be taken intoaccount 
as the helical twisting power of a copolymer system is to be optimized for a specific application. The present 
work also generalized our previous observation that the inversion of chi/ality of the pendant group results 
in helical sense reversal, although the role of the absolute configuration of the chiral moiety is not yet clearly 
understood. 



I. Introduction 

Thermutropic chiral nematic polymers are represented 
by a class of macromolecular structures in which chiral 
moieties contribute to the formation of the cholesteric 
mesophase.^*^ From the molecular structure pouit of view, 
one would expect that a copolymer comprising a nem- 
atogenic and a chiral monomer should exhibit choles- 
teric mesomorphism in view of the common practice in 
which a chiral nematic material is routinely prepared by 
mixing a low molar mass nematogen with a chiral dopant.^^ 
Although there exist several empirical rules^ formulated 
for low molar mass chiral nematics in terms bf the helical 
sense and twisting power in relation to molecular structures, 
the applicability of these rules to polymeric counterparts 
has remained inconclusive. In recognition of the tre- 
mendous potentials of chiral nematic polymers in emerging 
optical technologies^^^ and in view of the scarcity of 
information^*^ relating macromolecular structures to 
relevant optical properties, we have conducted a series of 
studies on fundamental issues involving helical sense and 
twisting power in thermotropic side-chain copolymers 
contahung chiral groups other than commonly encountered 
cholesterol. Cholesterol is known to possess adetjuate 
helical twisting power for giving rise to selective reflection 
wavelength, Xr, in the vbifale region; however, it is possible 
to generate only the left-handed supramolecular structure 
pi'^sumably because of the given set of absolute con- 
figurations in natuiaUy occurring cholesterol Ourstrat^ 
was to identify pairs of enantiomers that would give rise 
to strong enough helical twisting power in the yet to be 
optimized macromolecular structural setting and that 
would result in both left- and right-handed helical 
structures, as defined by the sense of the reflected circularly 
polarized light, to meet the demands of practical appli- 
cations. 

In a recent communcation,^^ we have demonstrated that 
the inversion of chirality in the side group of a copolymer 
does lead to the reversal of helical sense using (/?)-(+)- and 
(S)-(-)-l-phenylethylamine as the chiral building blocks. 
Furthermore, it was found that the helical twisting power 
is influenced by the structures of both comonomers, 
namely, by the consequence of the interplay between the 

* Author to whom correspondence should be addressed. 



two. These observations have raised the need for 
systematic investigations of optical property-macromo- 
lectilar structure relationships with an aim to formulating 
an empirical basis for molecular design as specific 
applications arise. With these objectives in mind, we have 
synthesized and characterized three series of copolymers 
based on (lS,25,3S,5m-(+)- and (lfi,2/?,3/?,5S)-(-)- 
isopinocampheol varying in the extent of conjugation (and 
hence the length of the rigid core) in the chiral monomer 
structure. The helical twisting power of these new chi* 
ral nematic polymers is interpreted In terms of the 
configurational as well as conformational characteristics 
and the mesomorphic order of both the chiral and the nem- 
atogenic monomers; relevance is also made to the classical 
cholesterol-containing copolymers. 

IL Experimental Section 

The chemical structures and phase transition temperatures of 
the methacrylate monomers employed in the present work are 
summarized in Table I; literature values for the mesophase 
transition temperatures are also included for comparison wherever 
possible. All the monomers were synthesized following the 
procedures reported in the literature^^" except those containing 
commercially available, optically pure isopinocampheol. Figure 
1 sketches the reaction scheme for the synthesis of chiral 
monomers containing isopinocampheol. All of the following 
reagents were used as received from Aldrich Chemical Co.: 4-hy- 
droxybenzoic acid (99^f' ), 4-hydroxycinnaroic acid, predominantly 
trans m%h (lS,2S,3S,5«)-(+Hsopinocampheol (99%), 
(U{,2A3A^-(-)-isopinocampheol m% ). and cholesterol (98% ). 
The four-step procedure of Grqy et aL^ was followed to synthesize 
4-(4-hydroxyphenyl)benzoic acid. 

Copolymerization of a nematogenic and a chiral monomer was 
accomplished In anhydrous tetrahydrofuran in the presence of 
azobis(isobutyromtrile) at 333 K for 48 h in a nitrogen atmosphere. 
The copolymers were isolated and repeatedly precipitated from 
acetone or methanol untU the monomers were completely removed 
and then dried in a vacuum oven for several days prior to analysis. 
The structures of the copolymers synthesized for the present 
investigation are summarized in Figure 2. 

The chemical structures of both monomers and copolymers 
were elucidated with IR (710B, Perkin-Ehner) and proton NMR 
(QE-300. GE) spectroscopy. The mesophase transition tem- 
peratures were determined with a differenUal scanning calorimeter 
(DSC-4, Perkin-Elmer) at a scan rate of 20 *'C/min while 
continuously purged either with nitrogen for normal operations 
or helium for low-temperature runs; the inflection point was taken 
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Table I 

Chemical Stritetum asd Phaee Traniition Tempefatures 
<K) for Monomere* 

Semaiotenic cooiponeni 



ci^. e - coo -f 0 -Q- coo -Q-Q- ocH, 

CM. 

o^-c- COO 4a^^ o-Q-ODO -Q-hQ-och, 



(i> K 327.2 I ( 308 6 N) 



f^^, K 381.0 N 483 0 I 
[K ma ft 484,0 IJ*" 

(i»> K 356.5 N 451.0 



Cbiral conipoaeai 



K 349.0 I 



e)^«e-eoo4 CH-Ho-^^coo-^^oDO-^^ Civ) 
e»^»c- COD -t 0^4-0 -^^^eao-^^^-efia ai-eao (v) 

-Q-«o-Q-Q-«o-^ (*i> K 384.0 Ch 4110 



K 372 0 1 



oi."C-«o -fch-*- oco 




-^.j K 320.0 Cb 330.5 I (2990 St 
IK 321.2 Ch 330.3 1 (2980 SO 



« Symbols for mesophase tranaitions: K, ciystalline; N, nemattc; 
S, smectic; Ch, cholestertc; I, isotropic. Monotropic transitions 
represented by parentheses, ^ Finkefanann, H.; Ringsdorf, H.; Wen- 
dorff, J. H, MakromoL Chem. 197S, /79, 273. ^ Finkeknann, H.; For* 
tugall, M; Ringsdorf, H. Polym. Prepr. 1978, 19 (2). 183. "Shan- 
non. P. J. Macromoiecuies 1983. /6, 1677. 

♦ HO-X-COOH ^JSj;^ CIV)C0O-X"C00H 

<coa>> (♦)er(-) nopinocemphtoi cmcoo - Y - coo -/^ 
wTa^ Pundint, THf * ^Tr^ ''^ 

-X- = "^3"*"""*' 

-X- : Tvrv W 



EtOH 



HO 



+ CH+^Br ♦ HO-^^-COOH 



HOH/tt^ , W 



reflux In EtOH 



CH, 



HO4CH4O-^yC00H ^ ^ '* 



CH, 



reflux m biftzene 



' ' f . /~\ (coci), (wi), (a), or (x) 

a " ^^^T^-Va" Va/ DMP. CHjO^ punatnt . thf 



CH^3sC-C00 + CH^-|hO COO - X - 000 

-X- ' -Q- 

- X ~ • "^3" ^* ^ * moBoner (v) 

-X- : -r"Vf^ mononiir (VI) 



Figure 1. Reaction scheme for the synthesis of the chiral 
monomers containing (15,25,3S,5A)-(-f )- and ilR,2RJSR,BSh 
(-)-isopinocampheol. 

as 7g. A polarizing optica! microscope (Leitz Orthoplan-Pol) 
equipped with a programmable hot stage (FP52, Mettler) was 
used to identify mesomorphism upon heating or cooling. 
Normally, thermal annealing at selected elevated temperatures 

for 2 days or so was required to increase the domain size for me- 
sophase identification of copolymers. 

Thedctennination of roolmlarwej^t distribution, firom which 
both Ma and Sf^ could be calculated, was accomplished in a size 
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Figure 2. Structures of the thermotropic chiral nematic 
copolymers synthesized for the present study. 

exclusion chromatography ^tem constructed with an HPLC 
metering pump (Constametrxc III, Milton Roy), two PLgel 
columns in series (500 and 10 000 A, Hewlet^Packard) houMd 
in a column oven (Jones Chromatography), and a UV differential 
absorbanoe detector (UV III Monitor, Milton Roy) set at 254 nm. 
The selective reflection wavelength Xr was determined on a UV* 
vis-near*IRspectnvhotometer (Lambda 9, P^ldn-Elmer). Prior 
to the spectrophotometric measurements, optical elements 
(prepared fay placing about 20 mg of copolymer products between 
a pair of soda lime glass substrates separated with 13-|im-thick 
Kapton spacers) were annealed at temperatures close to 0.95ri, 
Tf being the isotropic transition temperature, for a day or two 
before quenching to room temperature. Hie determination of 
Ar was found to be reprodudblie to wiUiin ^% of the mean on 
repeated measurements. The handedness of the chiral nem- 
atic copolymers was further determined by spectrophotometric 
measurements of the so-prepared optical elonaits pimd in series 
with those made of a commerciaDy available bw molar mass nem- 
atic host and a chiral dopant mixed at a rati that gives rise to 
the desired value f r Ar with known handedness. For example, 
low molar mass chiral nematics containing nematogen E-7 and 
chiral additive CB-15 (both from BDH Ltd.) are known to exhibit 
a right-handed helical structure. The determinati n of 
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Table II 

Structural Cliaracteristics and Thermal Properties of 
Copolymers I and II 



Copolymer 1 with (iS.2S.35«5/?)-(-l')-Isopinocampheol 



Table IV 

Structural Cliaracteristl<^8, Thermal Properties, and the 
Observed Values of Xb for Copolymers VI and VII 

J" rg°K 7's-^h-*i.°K XR>nm lO'^Mw MmjMt 

Copolymer VI 



0.17 
0.28 
0.38 
0.49 
0.59 
0.70 
0.75 



363 
345 
366 
367 
362 
374 
364 



514 
475 
460 
443 
424 
417 
380 



12.5 


1.44 


0.10 


316 


393 


515 1659 


21.7 


1.74 


13.6 


1.65 


0.18 


313 


411 


500 905 


14.5 


1.48 


22.2 


2.74 


U.26 


313 


424 


497 648 


22.9 


1.58 


37.2 


2.62 








Copolymer VU 






36.3 


2.50 












41.8 


2.09 


0.08 


313 




379 1244 


14.0 


1.13 


3Z1 


1.92 


0.17 


323 




393 642 


16.5 


1.18 


0.21 


314 




386 534 


14.3 


1.12 



Cnpntymer II with (li;,2/{.3A»5S)-(-)-Isopinocampheol 
0.41 331 439 22.2 2.49 

0.48 338 421 22.0 2.26 

0.59 349 420 19.0 220 

0.69 355 404 23.2 2.12 

0 Mole fraction of chirality ; determined with integration on proton 
NMR spectra. ^ Glass transition temperature. ^ Mesomorphic 
transition. 

TaUelll 

Structural Characteristics, Thermal Properties, and the 
Observed Values of Xr for Copolymers III, IV, and V 

Cupulymer HI with (l5.25,35.5ff>-(-i-)-Isopinocampheol 



0.16 360 


504 


6 


11.0 1.45 


0.26 357 


488 


2817 


15.3 1.84 


0.38 364 


463 


2176 


26.2 2.38 


0.46 353 


451 


1736 


19.4 1.76 


0.49 380 


amorph 




29.1 2.44 


Copolymer iV with (lA,2A.3A,55)-(-)-l8opinoGampheol 


0.35 326 


428 


1936 


23.1 2.19 


0.44 336 


411 


1511 


24.4 2.23 


0.54 342 


398 


1151 


26.4 2.26 


Copolymer V with (lS.25.35.5ff)-(+)-l8opinocaropheol 


0.31 345 


520 


6 


21.3 1.90 


0.40 352 


513 


2908 


, 19.7 1.80 


0.51 348 


512 


1996 


23.3 1.65 


0.60 356 


519 


1572 


28.4 1.88 



" See Table II footnotes. ^ Xr outside of the wavelength region on 
a Lambda 9 spectrophotometer although the cholesteric me- 
sophase was observed under a polarizing optical microscope. 

handedness was further assisted by the polysiloxane series*^ 
furnished by Dr. F. H. Kreuzer of the Consortium far Elektro- 
chemische Industrie (West Germany). The polysiloxane samples 
provided a wide range of Xr from 442 to 2200 nm with left- 
handed helical sense. 

III. Results and Discuision 

The chemical structures of the copolymers as sum- 
marized in Figure 2 should permit one to address the 
following, questions: 

(1) How does the extent of conjugation as well as the 
attendant configurational characteristics built in the chi- 
ral monomer affect the helical twisting power for a given 
nematogenic comonomer? 

(2) How does the mesomorphic order of the nemato- 
genic and chiral monomers influence the helical twisting 
power of the resultant copolymer? 

(3) Does the spacer length in the nematogenic monomer 
play any role In the determination of the helical twisting 
power? 

(4) Is there any correlation between the chirality of one 
of the pendant groups and the helical sense in a copolymer? 

The structural characteristics, the thermal properties, 
and the observed values of Xr for copolymer series I-VII 
are presented In Tables II-IV. T address the first 
question raised above, it is noted that the increased an- 
isotropy (the length to the diameter ratio) and the increased 
extent of c njugati nc ntribute to the enhanced clearing 



o See Table II fuotnotes. 




Mok* hVttrtiuii of CUiihI Cnmpoucnt, x 

Figure 3. 1/Ab as a function of x for copolymers III- VII. 

temperature and to the formation of the cholesteric me* 
sophase as one examint^s the thermal behaviors of 
monomers iv, v, and vi as presented in Table L The 
copolymers comprising the Hematogenic monomer ii or iii 
and chiral comonomers iv and v with an increasing extent 
of conjugation were found to exhibit a higher helical 
twisting power. For instance, although the cholesteric me* 
sophase could be identified on optical elements prepared 
with copolymers I and II with polarizing optical microscopy, 
the Xr values appear to have fallen beyond the long- 
wavelength limit of 3200 nm on the Lambda 9 spectro- 
photometer. The pitch of a cholesteric mesophase is 
essentially a measure of the angular displacement between 
adjacent nematic layers. With increased volume swept out 
by the tran$-4-hydroxycinnamic acid moiety via rotation 
in chiral monomer v as compared to iv, copolymers III and 
IV give rise to Xr in the range from 2817 to 1151 nm as 
shown in Table III. Following this line of argument, one 
would have expected that copolymer V should possess a 
helical twisting power intermediate between those of 
copolymers II and IV because of the linear character of 
the biphen^ moiety, which is consistent with what is shown 
in Figure 3, where the slope of 1/Xr vs x represents a 
measure of the helical twisting power. 

An alternative argument is thieit for a given nematoge- 
nic monomer, the chiral comonomer that possesses higher 
mesomorphic order would yield a copolymer with reduced 
helical twisting power as one compares copolymer V with 
copolymer IV. It is suspected that the reduced helical 
twisting power with copolymer V might have originated 
from what Shibaev and Freidzon^ referred to as the 
tendency toward smectogenicity suppressing the helical 
twisting p wer although no smectic mes phase was 

bserved In addition to the cholesteric mes phase as 
reported in Table III. The failure to detect the smectic 
mesophase prior to the ch lesteric mes phase in the 
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temperature scale with the DSC technique is not surprisine 
in view of the observation made by Preidzon et al.» on 
methacrylate copolymers. It remains to be verified if the 
same argument applies to situations in which a given chi- 
ral monomer is copolymerized with two nemafosenic 
comonomers with different mesomorphic order. A case 
in point IS chiral monomer vii copolymerized with nem- 
atogenic monomer iii vs i. the former showing a regular 
neniatic to isotropic transition upon heating while the latter 
a monotropic isotropic to nematic transition upon cooling. 
in other words, a nematogenic monomer with enhanced 
f,!!5'"!!JIIl!"r ».e«Pected to yield copolymers with 
a reduced helical twisting power for a given chiral coraono 
mer. I his prediction is borne out in Figure 3 in * Ich 
copolymer VII is found to possess a hig Wli.»l ?wfeitag 
power than copolymer VI. Thus, one could answer the 

m«?"^'""^"°"r'"'.?"*^'"^'»8 t'le higher themeso- 
morphic order of either nematogenic or chiral monomer, 
the lower the helical twisting power of the resulting 
copolymer. Such a oonclusior - -^s not seem to contradic! 
the observation made above for copolymers III and IV as 
opposed to copolymers I and II for the reason that neither 

riTuoJ" ' f V^es mesomorphic character. As 
a matter of fact, the volume swept out by the chiral 
pendant group seems to play a predominant role in helical 
twisting power in this case. 

The effect of the spacer length in the nematogenic 

monomer on the helical twisting power for a given chiral 
comonomer is revealed in Figure 3 in terms of the slopes 
of 1/Ar vs X for copolymers III and IV. It is clearly 
Jfj?"f ''"^'^{'.^''"t the longer spacer length yields the 
higher helical twisting power, an observation consistent 
with the conclusion reached above in terms of the role of 
mesomorphic order of monomers in the determination of 
helical twisting power. Simply put, monomer ii possesses 

f„I?T/^y.''u1^'?°V? mesophase than monomer iii as 
mdicted in Table I. Hence, for the given chiral comono- 
mer v. monomer u is expected to form a copolymer, i.e.. 
HI. possessing a lower helical twisting power than 
copolymer IV synthesized from monomer iii. However, 
an exception to this general observation was reported by 
Pinkelmiinn and Rehage2' on siloxane-based copolymers 

pheol yields nght-handed helices in copolymers III. IV. 
fo"f? y ""^^^^ (»«.2«.3iJ.5S)-(-).i8opin^pheol yields 
SLtlTi . ^"nte'Parts •« copolymers with otherwise 
Identical structures. In a recent communication.M we have 

ili^-t^-t^^'^l-IV:"' («)-(-)-l-P»«enyleth. 
yjamine yield right- and left-handed helixes, respectively 

?Z„Tk^™7^ observaUons appear to constitute 
a sound basis for the correlation between the absolute 
configuration of the chiral moiety and the handedness of 
the copolymer on the supramolecular scale. It is noted in 
passing that the sense of the specific optical rotation of 
the dJiral moiety has been demonstrated to play no role 
in the helical sense of the cholesteric mesophase." 
Nevertheless, that the inversion of chirality leads to 
fowSation does seem to have a solid empirical 

IV. Summary 

. Using ilS,2S,3S.5R).{+). and (l«.2fl.3«,65).(-). 
isopinocampheol, we have synthesized a series of ther- 
niotropic chiral nonatic copolymers with a vaijring extent 
ofconjugati n built into the chiral monomer. Al ngwith 
the bservati ns made f r the classical cholesterol- 
containing cop lymers, we summarize the present study 
m what follows: 
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(I) With a given nematogenic monomer, an increased 
volume swept out by the chiral pendant group via roS 
contributes to the enhanced helical twLinfpoww 
!„ mesomorphic order as a result of an 

length of both the nematogenic and chiral monomers tends 
to suppress the helical twisting power 

Ju *•* 'fu" ^^5^"' ohservation that the inversion of chi- 

in the helical sense of the cholesteric mesophase. The 
question of how the helical sense correlates with Z 
absolute configuration of the pendant chiral moiety C 
yet to be carefully addressed. 
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Abstract 

Recognition, internalization, and subcellular trafficking of A^-(2-hydroxypropyl)methacry]amide (HPMA) copolymer 
conjugates containing N-acylated galactosamine (GalN) or monoclonal OV-TL16 antibodies (Ab) have been investigated in 
human hepatocarcinoma HepG2 and ovarian carcinoma OVCAR-3 cells, respectively. The intrinsic fluorescence of 
fluorescein or adriamycin (ADR) attached to HPMA copolymers permitted us to follow the subcellular fate of HPMA 
copolymer conjugates by confocal fluorescence microscopy and fluorescence spectroscopy. The pattern of fluorescence 
during incubation of HPMA copolymer-ADR-GalN conjugate containing lysosomally degradable tetrapeptide (GFLG) 
side-chains with HepG2 cells was consistent with conjugate recognition, internalization, localization in lysosomes, followed 
by the release of ADR from the polymer chains and ultimately diffusion via the cytoplasm into the cell nuclei. A similar 
pattern was observed in OVCAR-3 cells for Ab targeted HPMA copolymer conjugates. To lest our hypothesis that 
HPMA-copolymer-bound anticancer drugs will be inaccessible to the energy-driven P-glycoprotein efflux pump in multidrug 
resistant (MDR) cells, we have compared the internalization of the HPMA copolymer-ADR conjugates by sensitive (A2780) 
and ADR-resistant (A2780/AD) ovarian carcinoma cell lines. Preliminary data on relative retention of ADR in MDR 
(A2780/AD) cells indicate a higher intracellular ADR concentration after incubation with HPMA copolymer-ADR conjugate 
when compared to incubation with free (unbound) ADR. © 1998 Elsevier Science B.V 

Keywords: HPMA copolymer; Subcellular trafficking; Drug release; Confocal microscopy 



1, Introduction 

Use of polymeric drug delivery systems is rapidly 
becoming an established approach for improvement 
of cancer chemotherapy [1-3]. The covalent binding 
of low molecular weight drugs to water soluble 
polymer carriers offers a potential mechanism to 
nhance the specificity of drug action. If a drug that 



*Conesponding author. Tel: +1 801 5817211; e-mail: 
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rapidly penetrates all cells by random diffusion is 
associated with a larger carrier molecule, endocytosis 
becomes its only mode of entry, and this can be a 
highly cell-specific mechanism [1,2]. The cell spe- 
cificity could be achieved either by an active target- 
ing of polymer-drug conjugates to cancer cells or 
passive accumulation of conjugates within solid 
tumors [3]. The latter is due to the exceptional 
tumor's tissue biology. The abnormal vasculature of 
tumors with an increased vessel permeability makes 
them take up large molecules more efficiently than 
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normal tissues. At the same time the poor lymphatic 
drainage of tumors allows high concentrations of 
polymeric drug to build up in these tissues (3-7|. 
This phenomenon was referred to as 'enhanced 
permeability and retention (EPR) effect* 17|. 

The limit of the cellular uptake of polymer-drug 
conjugates to the endocytic route has a major impact 
on the design of polymeric carriers. Anticancer drug 
conjugates have to be designed in such a way that 
the spacer between the carrier and the drug should be 
stable in the blood stream (81 but susceptible to 
either enzymatically catalyzed or pH-dependent hy- 
drolysis in the lysosomal compartment of the cell 
I9J01. The conjugate used would require features 
enabling it to enter particular cell-types 11,11-131, 
and ideally the drug would not be released in active 
form until the macromolecule was inside the target 
cell. 

The prerequisite of a successful design of poly- 
meric anticancer drugs is the detailed knowledge of 
the relationship between their structure and prop- 
erties. A detailed study of the subcellular trafficking 
of new designed conjugates is an important part of 
polymeric drug's evaluation. Such studies are espe- 
cially important in the case of conjugates targeted 
with antibody against cancer-associated antigens. 
Non-targeted macromolecules can enter cancer cells, 
which are predominantly epithelial-type cells by 
pinocytosis. The pinocytosis is a constitutive activity 
of cells, i.e. it is not substrate-triggered. Any soluble 
substances present in the ambient fluid will be 
captured by pinocytosis and delivered to the lyso- 
somes. However, a targetable conjugate recognizable 
by an antigen at the plasma membrane could be 
recycled to the plasma membrane [14-161 and 
escape the exposure to lysosomal enzymes. On the 
other hand, intra- and intermolecular aggregation of 
hydrophobic drugs bound to hydrophilic polymeric 
carriers could influence the rate of release of drugs 
from polymer chains in the lysosomal compartment 
due to a steric inaccessibility of the covalent bond 
between polymer chain and drug to lysosomal en- 
zymes 1 171. Thus development of new approaches to 
study the subcellular trafficking of conjugates and 
the intracellular release of drugs provides crucial 
information on the therapeutic potential of the conju- 
gates studied. 

During the last decade we have designed, de- 



veloped, and evaluated, targetable ^-(2-hydroxy- 
propyOmethacrylamide (HPMA) copolymer-anti- 
cancer drug conjugates (reviewed in Phase I 
clinical trial data seem to indicate their great po- 
tential in cancer therapy [18,I9|. Here we report the 
use of confocal fluorescence microscopy and fluores- 
cence spectroscopy to study the recognition, inter- 
nalization, and subcellular trafficking of HPMA 
copolymer conjugates containing N-acylated galac- 
tosamine (GalN) or monoclonal OV-TL16 antibodies 
(Ab) in human hepatocarcinoma HepG2 and ovarian 
carcinoma OVCAR-3 cells, respectively. The intrin- 
sic fluorescence of fluorescein isothiocyanate (FITC) 
or adriamycin (ADR) attached to HPMA copolymers 
permitted us to follow the subcellular fate of HPMA 
copolymer con}ugaXes and the intracellular relea.se of 
ADR from the HPMA copolymer carrier. Prelimin- 
ary experiments on sensitive (A2780) and ADR- 
resistant (A2780/AD) ovarian carcinoma cell lines 
were performed to verify the hypothesis that macro- 
molecular dmgfi may be inaccessible to the energy 
driven P-glycoprotein efflux pump in multidrug 
resistant (MDR) cells. 



2. Experimental 

2,1. Materials 

2,1.!. Chemicals 

Adriamycin was a kind gift from Dr. A. Suarato, 
Pharmacia- Upjohn, Milano, Italy; MEM and RPMI 
1640 cell culture media and fetal bovine serum were 
from HyClone Laboratories (Ogden, UT). Protein-A- 
Sepharose and other chromatographic materials were 
from Pharmacia (Piscataway, NJ), aj-macroglobulin 
was from Calbiochem (San Diego, CA). All other 
chemicals were of reagent grade or better. 

2.1.2. Cell lines 

The human cancer cell lines: HepG2 and NIH: 
OVCAR-3 were purchased from American Type 
Culture Collection. The A2780, A2780/AD human 
ovarian cancer cell lines were obtained from Dr. T.C. 
Hamilton (Fox Chase Cancer Center, Philadelphia, 
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PA). HepG2 cells were cultured in MEM medium. 
OVCAR-3, A2780, and A2780/AD cells were cul- 
tured in RPMI 1640 medium supplemented with 10 
/ig/ml insulin. Both media were supplemented with 
10% fetal bovine serum, penicillin (100 U/ml), and 
streptomycin (100 figfmiy Cells were grown at 
37°C in a humidified atmosphere of 5% COj (v/v) in 
air. 



ZL3. Antibody 

The hybridoma cell line which produces the OV- 
TL16 (IgG, subclass) antibody was a kind gift from 
Dr. L. Poels (University of Nijmegen, Netherlands). 
The hybridoma cells were grown as ascites in 
pristained BALB/c mice. The 0V-TL16 antibody 
was isolated by ammonium sulfate precipitation 
followed by affinity chromatography using Protein 
A-Sepharose as described in [20]. The Ab was 
shown to be pure on isoelectric focusing gels using 
the Phasl System (Pharmacia). 



22 Synthesis of HPMA copolymers 

The polymer conjugates were synthesized (Fig. 1) 
either in a two-step procedure or by a direct co- 
polymerization of corresponding monomers. Radical 
precipitation copolymerization was performed in an 
acetone /DMSO mixture at SO^C for 24 h using 
2,2'-azobisisobutyronitrile as the initiator as de- 
scribed elsewhere [21]. The characterization of poly- 
mers and methods used are shown in Table 1 and 
Table 2. 

P-(GG-ADR)-GaIN (1). The polymer precursor 
containing GalN and reactive ONp ester groups was 
prepared by copolymerization of 10 mol% MA-GG- 
ONp, 20 mol% MA-GG-GalN [21] and HPMA. The 
GalN content was determined after hydrolysis of 
ONp groups, dialysis and freeze drying of a small 
amount of sample. The ADR was bound to the 
polymer precursor in DMF solution in the presence 
of triethylamine. The product was purified by pre- 
cipitation to acetone followed by separation of free 
ADR by chromatography on a Sephadex LH-20 
colunm in MeOH (with 5% H^O), The conjugate 
was isolated after dialysis by freeze drying. 

P-(GFLG-ADR)-GalN (2) was prepared from 



precursor P-(GFLG-ONp)-GalN by a similar pro- 
cedure as described for conjugate 1. 

P-(GG-ADR)-Ab (3). First the polymer precursor 
containing 12.6 mol% of -GG-ONp was prepared by 
copolymerization of HPMA and MA-GG-ONp. Then 
the ADR was bound by aminolysis of pan of the 
reactive groups. In this stage the polymer was 
carefully purified to remove free (unbound) ADR 
using a Sephadex LH-20 column with MeOH con- 
taining 0.5% acetic acid. The polymer was isolated 
after evaporation of solvent and reprecipilaiion into 
acetone. In the next step the antibody was bound in 
phosphate buffered saline (PBS). The pH of the 
reaction was gradually increased from 7.2 to 7.5. The 
separation and isolation of conjugate was performed 
as described previously [20]. 

P-(GFLG-ADR)-Ab (4) was prepared from poly- 
mer precursor containing 8.5 mol% -GFLG-ONp by 
a similar procedure as described for conjugate 3. 

P-(AP-FrrC)-GalN (5). The monomer 5-(3- 
(methacryloylaminopropyl)thioureidyll fluorescein 
(MA-AP-FTTC) was synthesized by reacting 3- 
aminopropylmethacrylamide (0.36 g; 2 mmol) with 
fluorescein isothiocyanate (isomer I) (0.78 g; 2 
mmol) in the presence of triethylamine (0.22 g; 2.2 
mmol) and dibutyl dilauryl tin (20 ^1) in DMF. 
After 48 h at room temperature the solvent was 
partially rotoevaporated, the product acidified and 
precipitated into water. M.p. Xb&'C (decomp.). Ex- 
tinction coefficient 82 000 M~* cm'* (borate buffer 
pH 9.2, \0% DMF); TLC: Rf 0.58 (AcOEt/AcOH, 
9:1). The polymer was prepared by copolymerization 
of 2 mol% MA-AP-FITC and 10 mol% MA-GG- 
GalN with HPMA. After precipitation to acetone and 
dialysis the polymer contained 1.7 mol% -AP-FITC 
and 9.6 mol% -GG-GalN side chains. 



2,3. Subcellular trafficking of conjugates 

The intrinsic fluorescence of FITC and ADR were 
used to monitor the subcellular trafficking of HPMA 
copolymer conjugates containing the non-degradable 
(GG) side-chain, namely P-(GG-FITC)-GalN. P- 
(GG-ADR)-GalN, and P-(GG-ADR)-Ab. The P- 
(GFLG-ADR)-GaIN and P-(GFLG-ADR)-Ab conju- 
gates containing the lysosomally degradable side- 
chain (GFLG) were suitable to monitor the liberation 
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Fig. I. Synthesis of conjugates. 



of ADR from the polymer carrier and the trans- 
compartmental transport of free ADR from the 
lysosomes into the nuclei. 



After trypsinization, 2X lO'* cells were seeded on 
an Nl coverslip (Coming) and cultured for 24 h. The 
culture medium was replaced with medium con- 
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Table 1 

Characteristics of polymer precursors 



Structure 



Side-chains 



P-(GG-ONp)-GalN 
P-(GFLG-ONp)-GalN 
P-(GG-ADR)-ONp 
P-(GFU}-ADR)-ONp 



-GG-GalN 

-GG-ONp 

-GG-GalN 

-GFLG-ONp 

-GG-ADR 

-GG-ONp 

^FLG-ADR 

-GFLG-ONp 



Mol % 



14.1 
6.4 

16.0 
6.3 
3.8 
6.0 
Z8 
3.2 



/imol ligand per mg polymer 



0.79 
0.34 
0.83 
0.29 
0.22 
0.34 
0.15 
0.17 



22000'' 
(1.4) 
25 000" 
(1.5) 

19 000"' 
(1.3) 

20 000''' 
(1.4) 



'Molecular weight averages (Af^) and polydispersity {MJM„) of polymers were estimated by SEC using Superosc 12 
system, PBS buffer pH 7.3, calibrated with poly(HPMA) fractions, 
^tcrmined after aminolysis of ONp groups with l-amino-2-propanol. 
^e buffer for SEC contained 20% acelonitrile. 



column. FPLC 



taining conjugates (50 /ig/ml). Cells were cultured 
with the conjugates for time intervals indicated. 
Unbound conjugates were removed by washing the 
cell layer three times with PBS. Cells were fixed 
with 3% paraformaldehyde for 10 min at room 
temperature and washed again with PBS. 

2,4, Staining of acidic organelles 

Neutral Red was used as a marker for acidic cell 
organelles [22]. Cells were cultured with a 20 /iM 



solution of Neutral Red for 30 min, followed by 
washing with PBS. Cells were fixed with 3% 
paraformaldehyde for 10 min at room temperature. 

25. Fluorescence labeling of a2-macroglobulin 

To a solution of aj-macroglobulin (2 tag/ ml in 
0.1 M sodium carbonate, pH 9.0) was added 20 /il 
of rhodamine isothiocyanate — RITC (1 mg/ml m 
DMSO) at 4^. The reaction was left for 2 h in the 
dark. Unbound RITC was separated on a PD-10 



Table 2 

Characteristics of polymer conjugates 



No. 


Structure 


Composition wt. % (molecular ratio) 

Polymer Fluorescence 

ligand' 
(ADR, FTTC) 


Targeting 
moiety** 
(GalN, Ab) 


Approximate 
of 

conjugate 
(kDa) 


1 


P-(GG-ADR)-GalN 


81 


6.3 


13 


22' 






(1 


: 3 


19) 




2 


P.(GFLG-ADR)-GalN 


80 


5.6 


14 


25^ 






(1 


: 3 


24) 




3 


P-(GG-ADR)-Ab 


37 


4.9 


56 


245"* 






(5 


: 24 


: 1) 




4 


P-(GFLG-ADR)-Ab 


38 


3.3 


59 


270" 






(6 


: 16 


: 1) 




5 


P-(AP-FrrC)-GalN 


86 


3.9 


10 


46* 




(1 


5 


30) 





-1 

cm 



(ADR, H,0) and c 82 000 M 'cm 



The contents of ADR and FTTC were determined spartrophotometrically using e 1 1 000 M 
(HTC, pH 9.1). 

**The content of GalN was detennincd after acid hydrolysis using Carbopac PA-1 anion exchange colunm and pulsed ampcrometric dctecUon 
(Dionex system); the content of antibody was determined by Lowry method (after subtraction of polymer backbone background). 
'Molecular weight averages {MJ and polydispersity {MJMJ of polymers were estimated by SEC using Supcrose 6 column, FPLC system, 
PBS buffer pH 7.3. calibrated witfi poIy(HPMA) fractions. 

**Molecular weight was estimated using FPLC system and laser light scattering detection (Wyatt detector). 
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column and the pooled fractions containing a^- 
macroglobuHn were dialyzed overnight against PBS. 

26. Monitoring of subcellular trafficking by 
steady-state fluorescence 

HepG2 cells were grown on a coverslip. To 
demonstrate the localization of conjugates in lyso- 
somes, cells were cultured in the MEM medium 
containing P-(GG-ADR)-GalN conjugate for 24 h at 
followed by washing with PBS. Cells were 
again transferred into the conjugate-free medium and 
cultured for 2 h at 3TC to allow traces of the 
uptaken conjugates to be transported to lysosomes. 
The cells were washed with an ice-cold PBS con- 
taining 50 mM of NaN^ and the coverslip was placed 
in a device to hold the coverslip in the optical 
cuvette. The coverslip was aligned at 30* to the 
excitation beam to minimize the effect of light 
reflections [23 1. Spectra were corrected for scattered 
light; the extent of the latter was obtained as an 
average form spectra monitored with several cover- 
slips containing non-treated cells. 

To study the localization of the conjugate in the 
prelysosomal compartments (endosomes), cells were 
incubated with the P-(GG-FITC)-GalN conjugate at 
16T for 24 h in the medium containing 20 mM of 
the HEPES buffer. Cells were washed and the 
coverslip mounted for the fluorescent spectroscopy. 
CoversUps containing a homogeneous cell monolayer 
in the place where the excitation light beam was 
focused were chosen for experiments and placed in a 
cuvette containing PBS and 50 mM of NaN, thermo- 
stated at 4T. The fluorescence was accumulated via 
the interference filter 514 nm. 

2.7. Flow cytometry 

Cells were plated in a 24-well plate (Coming Co.), 
I X 10*^ per well and grown until 80-90% confluence 
(48 h). The regular cell culture medium was changed 
to medium containing the conjugates (20 /xM ADR 
equivalent) and cells were incubated for various time 
intervals. Cells were harvested by trypsinization with 
0.25% trypsin-0.02% EDTA, transferred into PBS 
containing 15 mM NaN, and immediately analyzed 
by the flow cytometer (Ortho Cytofluorograph IIS). 
Excitation was at 514 nm. Signals for forward and 



90-degree light scatter and fluorescence above 550 
nm were collected for 5X10^ cells using the 90- 
degree light scatter parameter as the master signal. 
The flow cytometer was calibrated using rhodamine 
labeled beads — FluoSpheres^'^ (Molecular Probes). 

2.8. Fluorescence microscopy 

A Bio-Rad MRC 600 laser scanning confocal 
imaging system based on a Zeiss Axioplan micro- 
scope and a krypton /argon laser was employed. A 
plan-apo objective (X60, numerical aperture 1.4, oil) 
was used. The ADR and FITC fluorescence images 
were accumulated via the BHS block of filters 
(excitation at 488 nm and emission through a 5 1 5 nm 
barrier filter) and the rhodamine (RITC) fluorescence 
image was collected via the GHS block filter (excita- 
tion at 514 nm, emission through a 550 nm barrier 
filter). A coverslip containing fixed cells was 
mounted on a microscope slide in PBS, 90% gly- 
cerol, 50 mM NaN3 supported on lacquer tiers to 
prevent the cells from being compressed. The NaN, 
was used to inhibit photoblcaching. The microscope 
was adjusted in such a way that non-stained, control 
cells did not generate a signal. Fluorescence images 
were scaled to 256 gray levels. 



3. Results and discussion 

3.L Subcellular trafficking of HPMA copolymers 
targeted by N-avylated galactosamine to HepG2 
cells 

One of the ways to monitor subcellular trafficking 
of HPMA copolymer conjugates is to demonstrate 
their colocalization with known markers of cell 
organelles. There are two main groups of lysosomal 
markers. The first group are markers taken up via 
receptor-mediated endocyiosis: asialoglycoproteins, 
LDL particles, aj-macroglobulin [24,25). The sec- 
ond group are low molecular weight compounds 
containing a weak basic group. These compounds 
can penetrate cellular membranes. However, once in 
the lysosomes they become protonated and are 
rendered impermeable for the lysosomal membrane. 
Chloroquine, ammonium chloride, acridin orange 
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[26], and Neutral Red [22] are widely used examples 
of this set. 

We have chosen aj-macroglobulin to visualize the 
lysosomes in HepG2 cells and study its colocaliza- 
tion with the P-(AP-FITC)-GalN conjugate. Cells 
were incubated with RITC-labeled a2-macroglobulin 
(10 Atg/ml) for 1 h at 37*'C following the incubation 
of cells with the conjugate (100 /ig/ml) for 24 h. A 
short duration of incubation of cells with a2-macro- 
globulin-RFTC was chosen to minimize the degra- 
dation of the protein inside of lysosomes which 
could lead to staining of the cytoplasm with free 
fluorescent label. Using the two channel operation 
mode of the confocal fluorescence microscopy the 
fluorescence images of FTTC and RITC were simul- 
taneously accumulated from the optical section 
through the bottom part of the cells (Fig. 2). The left 
image in Fig. 2 is the image collected via the FTTC 
channel. It shows fluorescence from round-shaped 
organelles centered around the nuclei and a diffusive 
fluorescence from the basal membrane. The right 
image is the image collected via the RITC channel. 
The Qj-macroglobulin-RITC as well as the conjugate 
were accumulated in round-shaped organelles local- 
ized in the perinuclear region of cells. The superposi- 
tion of images reveals that numerous organelles emit 
both FTTC and RITC fluorescence (some of them are 
marked with arrows). The FTTC was coupled to 
polymer chain via the non-degradable aminopropyl 
(AP) spacer. Consequently, the FTTC image corre- 




Fig. 2. Confocal fluorescence images of HepG2 cells incubated 
wilh HPMA copolymer-FITC-GaiN conjugates and a^-macro- 
globuIin-RJTC. The left image was accumulated via an FITC 
channel (BHS block of filters). The right image was accumulated 
simultaneously with the left image via an RTTC channel (GHS 
block of filters). Arrows point to some organelles containing both 
the conjugates and aj-macroglobulin. 
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sponds to the localization of the macromolecules. 
The colocalization of the lysosomal marker, a^- 
macroglobulin-RrrC, and of the P-(AP-nTC)-GalN 
conjugate indicates the lysosomotropism of HPMA 
copolymer conjugates. 

The design of the HPMA copolymer conjugates 
targetable to hepatocytes and/or hepatocarcinoma 
cell lines was based on the specificity of the 
asialoglycoprotein receptor. This galactose /iV- 
acetylgalactosamine-recognizing receptor is respon- 
sible for the effective clearance of desialated serum 
glycoproteins in vivo [25]. The data reported here 
are in agreement with data obtained from subcellular 
fractionation of rat hepatocytes after intravenous 
administration of '^*I-labeled HPMA copolymer- 
GalN conjugates. Fractions obtained by centrifiiga- 
tion in a density-gradient showed similar profiles of 
arylsulfatase activity (marker of lysosome enzymes) 
and radioactivity (polymer marker) [27]. 

In addition, we have demonstrated the lysosomot- 
ropism of the P-(AP-FrrC)-GalN conjugate by moni- 
toring intracellular fluorescence spectra of polymer 
bound FITC. It is well known that during internaliza- 
tion the substrates are transported in organelles 
which become continually acidified. This permits the 
use of the pH sensitivity of fluorescein fluorescence 
to estimate its intracellular localization. Fluorescein 
may exist in several different ionic forms: (I) a 
cation with a positive charge localized in the xanth- 
enone ring, (11) a neutral molecule, (III) a monoan- 
ion with a negatively charged phenylcarboxylate 
group (pA^3=4.4), and (IV) a dianion [28]. The 
fluorescence emission spectra of all four forms have 
similar shapes [28], but the dianionic form has a 
much higher quantum yield of fluorescence than the 
monoanionic, neutral, and cationic forms. Influence 
of protonation of the enolic group on the absorption 
maxima has been used to monitor the pH value of 
the local environment of fluorescein in solutions as 
well as inside of cells [23]. The alkaline spectrum is 
dominated by a large peak at 492 nm. As the pH 
decreases, this peak gradually disappears and is 
replaced by two new, lower intensity peaks at 480 
and 450 nm. Ratio of fluorescence intensities upon 
excitation at 492 nm to that with excitation at 450 
nm, that is referred to as the 492/450 ratio, is used 
as a measure of pH. To monitor the pH value of the 
local environment of internalized HPMA copolymer 
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Fig. 3. Dependence of a spectral parameter of FTTC fluorescence 
on pH. The ratio 492/450 is the ratio of intensities of fluorescence 
upon excitation at 492 nm and 450 nm. Ruorescence was recorded 
via an interference 514 nm titter. The solid line is a theoretical 
curve obtained as a result of fitting of experimental points with 
Eq. (I). 



conjugates, a calibration curve for the P-(AP-FITC)- 
GaiN conjugate was determined. In Fig. 3 the 
dependence of the 492/450 ratio for the P-(AP- 
FITC)-GalN conjugate and free fluorescein on pH 
value are shown. Experimental points were fitted 
using the following equation based on ionization 
equilibria: 

y = (Um, +hm, X 10**'"~P'^V(1 lO*^"'"'") (1) 
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Fig. 4. Representative excitation spectra of a cell monolayer 
incubated with the P-(AP-FrrC)-CalN conjugate for 24 h at 37*C 
or 16°C. Spectra were corrected on the average light scattered 
signal obtained from untreated cells (marked as 'control*). The 
ratio 492/450 of fluorescein fluorescence at 37°C was equal to 
1.72±0.03 corresponding to a pH value of 5.09±0.02. After 
incubation of cell with the conjugate at 1 6°C the ratio was equal to 
2.48±0.07 (pH = 5.46±0.05). 

sentative corrected excitation spectra of the P-(AP- 
FTTO-GalN conjugate incubated with cells at 16**C 
are shown in Fig. 4. The ratio 492/450 was de- 
termined to be equal to 2.48±0.07. The calculated 
pH value was 5.46±0.05. Obtained pH values are in 
general agreement with the pH values found in other 
cell types for lysosomes and endosomes, respectively 
(30-321. 



where Y is the 492/450 ratio at various pH values, 
lim, is the limiting 492/450 ratio at low pH, and 
Iim2 is the limiting 492/450 ratio at high pH. The 
theoretical curve was used to estimate the pH value 
of a conjugate environment. 

Representative excitation spectra of the P-(AP- 
FITC)-GalN conjugate containing FTTC coupled to 
polymer chain via a non-degradable spacer and 
incubated with HepG2 cells at 37°C are shown in 
Fig. 4. The 492/450 ratio was determined to be 
equal to 1.72 ±0.03. The value pH of the conjugate 
microenvironment was calculated according to Eq. 
(1) by using parameters of fitting experimental 
points. The calculated pH value was 5.09 ±0.02. 

The conjugate incubated with cells at 16°C is 
supposed to be localized in endosomes [291. Repre- 



3,2. Subcellular trafficking of HPMA copolymer 
targeted by OV'TLl6 antibody to OVCAR-3 cells 

Recently, our focus is on the evaluation of the 
potential of HPMA copoiypier-^drug conjugates 
targeted to human oyanan i^^iiiioma cells with a 
monoclonal OV^TL16 antii^^ its fragments 
[20,33]. The OV-TL16 antibody as well as similar 
antibodies (0V-TL3, OC125, and MovlSA) are 
considered tumor markers for epithelial-derived 
tumors [34,35]. 

Using the intrinsic fluorescence of ADR the 
uptake and subcellular localization of HPMA co- 
polymer-ADR-Ab conjugates by OVCAR-3 cells 
was followed by confocal fluorescence microscopy. 
Cells were cultured in a medium containing the 
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p.(GG-ADR).Ab conjugate for 24 h before fluores- 
cence images were taken. The non-degradable spacer 
was used so that the images observed correspond to 
the conjugate and not to free drug. In Fig. SA an 
image of ADR fluorescence accumulated upon an 
optical sectioning of OVCAR-3 cells through the 
middle part of the nuclei is shown. The ADR 
fluorescence is detectable in round-shaped organelles 
predominantly clustered around nuclei. The low 
molecular weight marker. Neutral Red, which is 
known to accumulate in acidic organelles was used 
to visualize the lysosomes in OVCAR-3 cells. The 
fluorescence image of cells stained with this marker 
showed organelles having similar morphology and 
localization to those containing the conjugate (Fig. 
5B). So it appears that the Ab targeted conjugates 
end up within acidic organelles. Similar images of 
lysosomes containing the conjugates were observed 
in both cells studied. The lysosomes are centered in 
the perinuclear region of cells. This appears to be a 
general phenomenon observed during the subcellular 
transport of material internalized via endocytosis. 
Localization of lysosomes around the nuclei was also 
observed in electron microscopy studies [36]. 

33, Intracellular release of adriamycin from the 
polymer carrier 

Macromolecular anticancer drug conjugates have 
to be designed in such a way that the spacer between 
the carrier and the drug is stable in the blood stream 
[8] but susceptible to an enzymatically catalyzed 
hydrolysis in the lysosomal compartment of the cells 
[9,10»37]. We have used confocal fluorescence mi- 
croscopy to demonstrate the internalization of the 



HPMA copolymer conjugates, release of ADR from 
the polymer chain in the lysosomes, followed by the 
transport of ADR through the lysosomal membrane 
via the cytoplasm into the nuclei. Cells incubated 
with free ADR reveal the ADR fluorescence pre- 
dominantly from nuclei [38,39]. When HepG2 cells 
are exposed for 30 min to free ADR, an intense 
nuclear fluorescence is observed by fluorescent mi- 
croscopy (Fig. 6). Nuclear fluorescence of anthra- 
cyclines is likely to be due to binding of the drugs to 
some components of the nucleus [40] following 
saturation of DNA binding sites. Clenching of the 
antracycline's fluorescence by DNA is a known 
phenomenon, in fact, this quenching has been used to 
measure intercalation [41]. 

Similar staining of nuclei with ADR was observed 
after 24 h incubation of HepG2 cells with the P- 
(GFLG-ADR)-GalN conjugate (Fig. 7). The confocal 
fluorescence image was obtained upon localization of 
the focal plane in the middle of nuclei. Staining of 
lysosomes as well as nuclei is shown in some cells. 
It is important to note that cells cultured for 24 h 
with the P-(GG-ADR)-GalN conjugate containing 
ADR attached via a non-degradable spacer did not 
demonstrate staining of nuclei (data not shown). The 
pattern of ADR fluorescence emitted from lysosomes 
was similar to the fluorescein fluorescence after 
incubation of HepG2 cells with the P-(GG-FITC)- 
GalN conjugate (Fig. 2). This observation is sup- 
ported with data obtained on ovarian carcinoma 
cells. ADR fluorescence was not detected in the 
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Fig. S. Fluorescence images of OVCAR-3 cells incubated with 
Neutral Red (A), and with P-(GG-ADR)-Ab conjugate (B). 
Oiganelles containing the conjugate arc morphologically similar to 
organelles containing Neutral Red. 




Fig. 6. Buorescence image of HepG2 cells incubated 30 min with 
free ADR at 37^. The ADR flucMiescence emitted predominantly 
from the cell nuclei. 
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Fig. 7. Confocal images of HepG2 cells incubated wiih P-(GFLG- 
ADR)-GaiN conjugate. The ADR was bound to polymer chain via 
the degradable spacer-tetrapeptide (GFLG). The left image is the 
reflection image accumulated simultaneously with the (right) ADR 
fluorescence image. The reflection image helps to identify nuclei, 
which are. as shown by the fluorescence image, stained with ADR. 

nuclei of OVCAR-3 cells incubated with the non- 
degradable spacer-containing conjugate, P-(GG- 
ADR)-Ab, after 24 h (Fig. 5B); however, the nuclei 
were stained after incubation with P-(GFLG-ADR)- 
Ab conjugate (data not shown). These results indi- 
cate that the targeted drug conjugates are taken up by 
cells and transported into the lysosomal compart- 
ment. In this compartment ADR is released from the 
degradable side-chain of the conjugate and ultimately 
diffuses via the cytoplasm into the cell nuclei. The 
possibility of the nuclear staining being due to free 
ADR present as a contaminant in the conjugates can 
be ruled out since both the conjugate with degradable 
and with non-degradable spacers undergo identical 
purification procedures before coupling of targeting 
moiety to polymer chains. 

J. 4. Could lysosomal delivery of polymeric drugs 
overcome the MDR effect? 

The ultimate success of the treatment of various 
carcinomas depends on the successful elimination of 
multidrug resistant (MDR) cancer cells [42]. Resist- 
ance of malignant tumors to chemotherapeutic agents 
remains the major cause of failure in cancer therapy. 
A membrane glycoprotein, termed P-glycoprotein. 
has been shown to be responsible for cross-resisftance 
to a broad range of structurally and functionally 
distinct cytotoxic agents. This glycoprotein, encoded 
in humans by the MDR! gene, functions as an 
energy-dependent efflux pump to remove cytotoxic 



agents from the resistant cells [43]. It was demon- 
strated that P-glycoprotein overexpression diminishes 
drug accumulation and cytotoxicity in animal and 
human cells [44]. 

We believe that due to the differences in the 
mechanism of cellular uptake, polymer bound drugs 
have the potential to remain inside the cancer cells 
because their intracellular trafficking occurs in mem- 
brane limited organelles. The exclusion of the poly- 
mer-drug conjugate from the cytoplasm of the cell 
should render the efflux pump ineffective. Subcellu- 
lar trafficking along the endocytic pathway from the 
plasma membrane to the perinuclear region changes 
the gradient of distribution of drug inside cells. A 
cartoon of subcellular distribution of drugs which 
entered cells either by diffusion or by pinocytosis is 
shown in Fig. 8. Whereas, in the case of the free drug 
the gradient is directed from the plasma membrane to 
the perinuclear membrane, in the ca.se of polymer 
bound drugs the gradient is from the perinuclear 
region to the plasma membrane. The drug escapes 
from the lysosomal compartment in the perinuclear 
region. Consequently, the probability of its inter- 
action with nuclear DNA and/or topoisomerase II is 
higher than the probability of its recognition by the 
P-glycoprotein pump. 

To test our hypothesis that HPMA-copoIymer- 
bound anticancer drugs will be inaccessible to the 
energy-driven efflux pump, we have compared the 
internalization of the HPMA copolymer-ADR conju- 



Free drugs P-glycoprotein 




Endosomes containing conjugates 



Fig. 8. Schematic drawing of subcellular distribution of drugs 
which entered cells either by diffusion or by pinocytosis. 
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gates by nontial (sensitive) and ADR-resistant cell 
lines. Two cell lines, A2780 and A2780/AD, were 
chosen for these experiments. The A2780/AD cell 
line is a P-glycoprotein expressing cell line [45]. The 
ADR IC50 dose of the A2780/AD cell line was about 
40 times higher when compared to the sensitive 
A2780 cell line (data not shown). 

First* we have studied the accumulation of HPMA 
copolymer-ADR conjugate by both cell lines. Bind- 
ing of ADR via a non-degradable (GG) spacer 
(conjugate P-(GG-ADR)) permitted the comparison 
of intracellular ADR concentrations by flow cytom- 
etry. We found that for the P-(GG-ADR) conjugate 
both the amount of ADR accumulated and the rate of 
accumulation were similar for the sensitive and 
resistant cell lines (Fig, 9). However, to be effective, 
ADR has to be released from the carrier in the 
lysosomal compartment and diffuse into the cyto- 
plasm. To mimic a therapeudc situation, we com- 
pared the internalization of free ADR and of P- 
(GFLG-ADR) conjugate containing ADR bound to 
the HPMA copolymer via a lysosomally degradable 
bond (GFLG). Concentration of the conjugate used 
(20 ;iM of ADR equivalent) inhibited the growth of 
both resistant and sensitive cells by about 40%. 
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Fig. 9. Kinetics of accumulation of P-(GG-ADR) conjugate by 
sensitive (A2780) (•) and resistant (A2780/AD) (O) ovarian 
carcinoma cells. Cells were analyzed by flow cytometry following 
incubation 5% COj) in cell culture medium containing the 

conjugate (20 ^tM of ADR equivalent) for various time intervals. 
Excitation was at 514 nm. The sensitive and resistant cells were 
incubated with the conjugate at 0*C as a control. Under those 
conditions no fluorescence emission was detected. 




Fig. 10. The ratio of intensities of ADR fluorescence in sensitive 
(A2780) cells to that in resistant (A2780/AD) cells. Resistant and 
sensitive cells were cultured with free ADR <#) or P-(GFLG> 
ADR) conjugate (□) for various time intervals. The concentration 
of ADR (free or in conjugate) was 20 $M. For experimental 
details see Fig. 9. 



Following incubation with the conjugate, the ratio of 
fluorescence in sensitive and ADR resistant cell lines 
was compared (Fig. 10), The results demonstrated an 
increased intracellular concentration of polymer 
bound ADR in MDR (A2780/AD) cells when com- 
pared to free drug. After 2 h, the ratio of fluores- 
cence in sensitive (A2780) and resistant (A2780/AD) 
cells of free ADR was about 5, whereas for P- 
(GFLG-ADR) it was only about 1.5. The data 
obtained seem to support our hypothesis that the 
change in the direction of the gradient of distribution 
of drug inside cells when bound to a polymer carrier 
results in an increased intracellular drug concen- 
tration in the latter case. 
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ABSTRACT 

The polymerizable derivatives of chemotherapeutic agents such 
as benzocaine, procaine, and amantadine were prepared and free- 
radical copolymerized with styrene or methyl methacrylate in 
order to obtain polymers with pharmacological activity and in- 
creased duration of action of the drugs. The monomeric and poly- 
meric derivatives were subjected to hydrolysis in vitro in order 
to measure the release of the active ingredient 



INTRODUCTION 



As the retention of drugs in the body can be increased by use of 
macromolecular controls, much interest has been manifested recently 
in the synthesis of pharmacologically active macromolecular com- 
pounds which are able to release the free drug component by enzymatic 
degradation or hydrolysis [1, 2], A hydrolyzable bond between drug 
and macromolecules is required if the drug is active only in its free 
form. The macromolecule-drug complex then acts as a reservoir and 
can be considered a macromolecular prodrug. In such polymers the 
chemotherapeutic agents are fixed either directly or by means of 
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spacer groups to carrier macro molecules such as starch [3-6] , pro- 
tein [7, 8], and vinyl [9-15] or other [16-19] synthetic polymers. In 
the present work, benzocaine and procaine, well-known local anes- 
thetics, and amantadine, a known antiviral agent, were modified or 
provide polymerizable derivatives for making the macromolecular 
prodrug with possibly prolonged activity. 

EXPERIMENTAL 

Materials 

Benzocaine hydrochloride (ethyl 4-aminobenzoate) and procaine 
hydrochloride (2-(diethylamine)ethyl 4-aminobenzoate) were commer- 
cial products of the highest purity available (Aldrich, Merck). Meth- 
acrylyl chloride was prepared from methacrylic acid and benzoyl 
chloride [20]. 

Preparation of Monomeric Derivatives Without 
Spacer Group, 1 . 100 mmol of drug was dissolved in 300 mL 
freshly distilled chloroform and 120 mmol triethylamine. Then 5 mg 
1,4-benzoquinone was added with stirring and cooling at 0°C, and 120 
mmol methacrylyl chloride was dropped into the solution. After 
stirring 1. 5 h at 0°C, ~200 mL water was added to the reaction mix- 
ture. The chloroform layer was washed with water and evaporated to 
dryness. The sticky residue obtained was left to crystallize for a 
week at O^'C and recrystallized from ethanol- ether. 

^a: mp 106-108°C, yield 88.4%. NMR (CDCI3), 6 (ppm): 1.3 (t, 

3H,CH2CH3), 2.0 (s,3H,CH3), 4.4 (q,2H,CH2CH3), 5.4 (m, 1H,H-CH=), 

6.7 (m,lH,H~CH=), 7.5-8.2 (q,4H,aromatic), 8.4 (br,lH,CONH ). 

C,^H,^NO^ = 233.267. Calculated: C:H:N = 66.96:6.48:6.00%r Found: 
lo lb 6 

C:H:N = 66.24:6.54:5.86%. 

lb: mp 78-80°C, yield 57.2%. NMR (CDCl^), 6 (ppm): 1.4 (t, 

6H,CH2CH3), 2.0 (s,3H,CH3), 2.7 (q,4H,CH2CH3), 2.8 (t,2H,CH2CH2N), 
4.4 (t,2H,CH2CH2N), 5.5 (m,lH,H-CH=), 6.8 (m,lH,H-CH=), 7.8 (q, 
4H, aromatic), 8.3 (br,lH,CONH). Cj^H24N203 = 304.389. Calculated: 

C:H:N = 67.08:7.97:9.20%. Found: C:H:N = 67.56:7.75:9.16%. 
Ic: 104-105°C, yield 53.2%. NMR (CDCI3), 5 (ppm): 1.7 (s, 

3H,CH3), 1.5-2.3 (m,15H, adamantyl), 5.3 (m,lH,H-CH=), 6.5 (m, 

1H,H-CH=). Cj^H2jNO= 219.330. Calculated: C:H:N = 76.67:9.65: 

6.39% Found: C:H:N = 76.55:9.45:6.42%. 

Preparation of Imine, 3 . 50 mmol vanillin and drug in 300 
mL dry benzene was heated under reflux for 10 h, during which time 
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an equimolar quantity of water was collected in a Dean-Stark trap. 
After removal of the solvent, the pure imine was obtained in above 
7o yield by recrystallization from ethanol. 

3a: mp 148-149°C. NMR (CDClg), 6 (ppm): 1.4 (t,3H, CHgCHg), 
S.gTs.SH.OCHg), 4.2-4.6 (q,2H,CH2CH3), 7.1-8.3 (m,7H, aromatic), 
8.4 (s,lH,CH=N). C Hj^O^ = 299.326. Calculated: C:H:N = 68.22: 
5 72-4.68%. Found: C:H:N = 67.83:5. 53:4.73%. 

'3b: mp 86-88°C. NMR (CDCI3), 6 (ppm): 1.1 (t.eHjCHgCHg), 2.6 

(q,4H,CH2CH3), 2.9 (t,2H,CH2CH2N), 3.9 (s,3H,OCH3), 4.4 (t,2H,CH2 

CHgN), 7.4 (q,4H, aromatic), 6.8-8.1 (m,3H, aromatic), 8.3 (s,lH,CH=N). 

C H N„0. = 362.477. Calculated: C:H:N = 69. 59:7.23:7.73%. Found: 
^21 .26 2 4 



C-H:N = 69.30:7.00:7.95%. 

3c: mp 147-148°C. NMR (CDCI3), 6 (ppm): 1.3-2.3 (m,l5H, 

adamantyl), 3.5 (s,3H,CX:H3), 6.4-7.4 (m,3H, aromatic), 7.8 (s,lH, 

CH=N). C,oH„ NOo = 285.391. Calculated: C:H:N = 75.76:8.12:4.91%. 

— 18 23 ^ 

Found: C:H:N = 75. 55:7. 85:4. 90%i 

Preparation of Monomeric Derivatives with Spacer 
Group, 2. 30 mmol of 3 was dissolved in 200 mL dry chloroform 
ind 36 mmol triethylamine. Then 5 mg 1,4-benzoquinone was added 
while stirring and cooling at 0°C, and 36 mmol methacrylyl cUoride 
was slowly added to the solution. After stirring for 1. 5 h at 0°C, 200 
mL water was added to the reaction mixture. The chloroform layer 
was washed with water and evaporated to dryness. The product ob- 
tained was recrystallized from ethanol and ether. 

2a,: mp 93-94°C, yield 33.4%. NMR (CDCI3), 6 (ppm): 1.3 (t,3H, 

CH2CH3), 2.1 (s,3H,CH3), 3.8 (s,3H,OCH3), 4.4 (q,2H,CH2CH3), 5.6 

(m,lH,H-CH-), 6.4 (m,lH,H-CH=), 7.0-8.2 (m,7H, aromatic), 8.4 (s, 
1H,CH=^). Cg.Hg^NOg - 367,40L Calculated: C:H:N = 68.65:5.76: 

3.81%. Found: C:H:N = 68.55:5.90:3.80%. 

2b: mp 86-88°C, yield 30.4%. NMR (CDCI3), 5 (ppm): 1.3 (t,6H, 

CH2CH3), 2.2 (s,3H,CH3), 2.7 (q,4H,CH2CH3), 3.0 (t,2H,CH2CH2N), 

3.9 (s,3H,OCH3), 4.5 (t,2H,CH2CH2N), 5.7 (m,lH,H-CH=), 6.3 (m, 

1H,H-CH-), 7.5 (q,4H, aromatic), 7.1-8.2 (m,3H, aromatic), 8.4 (s, 
1H,CH=N). C25H3qN205 = 438.524. Calculated: C:H:N = 68.47:6.90: 



6.39%. Found: C:H:N - 68.01:6.80:6. ou7o. 

2c: mp 117- 119 °C, yield 46.2%. NMR (CDCI3) 6 (ppm): 1.5 (t, 

SH.CHg), 1.6-2.3 (m,15H, adamantyl), 3.7 (s,3H,OCH3), 5.5 (m,lH, 

H-CH=), 6.3 (m,lH,H-CH=), 6.9-7.5 (m,3H, aromatic), 8.1 (s,lH, 
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CH=N). C22H2^NOg = 353.467. Calculated: C:H:N = 74.76:7.70:3.96%. [ 
Found: C:H:N = 74. 55:7. 81:3.75%. 

t 

Polymerization Procedure 



15 mL dimethylsulfoxide solution containing the required amounts 
of monomeric drug derivative, comonomer, and 0.01 g azobisisobutyro- 
nitrile (AIBN) in a glass tube was degassed by the freeze-thaw tech- 
nique using a Dry-Ice/methanol bath and sealed in vacuo. The sealed 
tube was shaken at 60''C. After polymerization for 3.5-6 h, the con- 
tent of the tube was poured into a large amount of methanol (or petro- 
leum ether) to precipitate the polymer. The intrinsic viscosities [rj] 
of the polymer were determined in dimethylformamide (DMF) at 30 C 
with an Ubbelohde viscometer after recrystallization from DMF-meth- 
anol. The composition ratios of the copolymers were calculated from 
the nitrogen content as obtained by elemental analyses. 

Hydrolysis Procedure 

A known amount of sample was sealed in a small packet made of 
filter paper (Toyo No. 5C). The packet was then placed in a 100-mL 
Erlenmeyer flask containing 30 mL of an aqueous solution with a spe- 
cific pH. The flask was shaken in a thermostat maintained at 37°C. 
After hydrolysis for a given time, the aqueous layer was made basic 
and extracted with chloroform. The degree of hydrolysis was followed 
by the determination of the amount of drug in the chloroform, using 
calibration curves obtained independently against an internal standard, 
with a Shimadzu LC 5A HPLC (Column Zorbax sil 4.6 mm x 25 cm : 
P.N. ). The calibrations were as follows: I 

i 

y = 0. 1859x + 0.0113 for benzocaine (internal standard: 
thianthrene) 

y = 0.000952X - 0.01779 for procaine (internal standard: 
thianthrene) 

y = 0.0102X - 0.0025 for amantadine (internal standard: 
p-aminoethylbenzoate ) 
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RESULTS AND DISCUSSION 

Preparation and Hydrolysis of Monomeric 
Derivatives 

Polymerizable derivatives of the drugs, 1, were prepared by direct 
acylation of the amino groups of the drugs with methacrylyl chloride. 
Unsaturated derivatives containing the drug covalently fixed through 
vanillin as a spacer group, 2, were also synthesized in order to study 
the effect on the rate of release of the drug (Scheme 1). 

In order to obtain basic information for the macromolecular pro- 
drug, hydrolysis of monomeric derivatives 1 and 2 was first carried 



D-NH. 



+ 



CH2=C— COCl 
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out heterogeneously in the pH range 1-7. 5 at 37°C. These compounds 
are expected to be the active ingredient releasing the drug and, there- 
fore, solutions of pH 1 and about 7 were employed to simulate the pH 
of gastric juice and saliva, respectively. The hydrolysis of polymer- 
izable anesthetic monomers was first carried out at 37°C, varying the 
pH. Both derivatives with spacer groups (2a and 2b) hydrolyzed to 
give the anesthetic in large yield at pH 1, as can be seen in Figs. 1 
and 2. On the other hand, the rate of hydrolysis of the directly fixed 
drugs (la and lb) was low and hardly affected by the pH of the reac- 
tion media. Accordingly, these monomeric drugs with spacer groups 
will be appreciably hydrolyzed in gastric juice, but will not be hydro- 
lyzed by saliva. The rate of drug release from each monomer and re- 
action time are shown in Fig. 3. The rate of hydrolysis of monomeric 
derivatives with spacer groups 2 was found to be very fast, while that 
of hydrolysis of derivatives without spacer group 1 was found to be 
slow. Consequently, the susceptibility of polymerFzable derivatives 
to hydrolysis is greater when spacer groups are present. The rate 
of drug release of 1. is too slow for practical purposes. 
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FIG. 1. Effect of pH on the hydrolysis of monomeric benzocaine 
derivatives without spacer la (o ) and with spacer 2a ( ) at 37°C for 
6 h. Sample: 50 mg. 
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FIG. 2. Effect of pH on the hydrolysis of monomeric procaine 
derivatives without spacer lb (o ) and with spacer 2b ( • ) at 37°C 
for 6 h. Sample: 50 mg. 



Preparation and Hydrolysis of Polymeric 
Derivative s 



The monomeric derivatives were free-radical copolymerized with 
styrene (ST) and methyl methacrylate (MMA) to obtain the polymeric 
drugs. All of these macromolecular prodrugs were soluble in polar 

aprotic solvents, such as dimethylformamide, dimethylsulfoxide, and 

* hexamethylphosphoramide, but insoluble in benzene, ethanol, and di- 
ethyl ether. Characterization data are shown in Table 1. 

The polymeric derivatives were also hydrolyzed heterogeneously 
enzocaine » 37°C for 24 and 48 h in order to study their potential use as the 

at ST^'C for ; macromolecular prodrugs for the controlled slow release of active 

ingredients (Table 1). It was found that the copolymers with MMA 
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FIG. 3. Hydrolysis of monomeric drug derivatives without spacer 
J. (o) and with spacer 2 (•) at 37°C, pH 1.. Sample: 50 mg. 



tend to be hydrolyzed more easily than those with ST. This might be 
because poly (methyl methacrylate) is more permeable to water than 
is poly(styrene) [21], It was also found that the hydrolysis of copoly- 
mer with 2 occurred more easily than that of copolymer with 1. As 
for the monomers, the spacer group works effectively in all oFthe co- 
polymers. These macromolecular prodrugs are then hydrolyzed acid- 
catalytically by gastric juice to remove local anesthetic or amantadine, 
nontoxic vanillin, and polymeric carrier residue. 

The conclusions to be drawn from results are as follows: 1) vanil- 
lin as a spacer group plays an important role in hydrolysis, 2) these 
prodrugs can be hydrolyzed by gastric juice to give the free drug, 3) 
they are expected to increase the duration of drug action by controlled 
slow release of drug even though the prodrugs were not examined in 
vivo. 
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Synthesis of Bioadhesive Lectin-HPMA Copolymer- Cyclosporin 
Conjugates 
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An amino group containing cyclosporin A (CsA) derivative has been synthesized and conjugated to 
AA(2-hydroxypropyl)methacrylamide (HPMA) copolymer via an aromatic azo bond, which can be 
specifically cleaved by azoreductase activity in colon to release the drug for the treatment of colon 
diseases. Lectins, peanut (Arachis hypogea) agglutinin (PNA) and wheat germ agglutinin (WGA) have 
been conjugated to HPMA copolymer-CsA derivative conjugates (PCs A), respectively, to give 
bioadhesive conjugates. The PNA and WGA are the targeting proteins that can bind to diseased colon 
tissue and healthy tissue, respectively. There were on average four P{CsA) copolymer chains attached 
°" ""SxT A ^ ^r^g content of 16.0 wt % and five P(CsA) copolymer chains attached on 

one PNA molecule with a drug content of 1 1.5 wt %. The incubation of a P{CsA) copolymer with the 
rat cecal contents resulted in the cleavage of the azo bond and release of the cyclosporin derivative 
The biological evaluation of the conjugates is under way. 



Cyclosporin A (CsA)* is a lipophilic cyclic undecapep- 
tide with unique immunosuppressive properties. It is 
widely used in organ transplantation and was also found 
to be effective m the treatment of inflammatory bowel 
diseases (IBD) (ulcerative colitis, Crohn's disease) (7- 
3^. The oral administration of the drug has shown some 
success in the treatment of the IBD. However, it has been 
found that CsA was predominantly absorbed in the small 
intestine after oral administration (4), and significant 
nephrotoxicity and other toxic side effects were associated 
with the administration of high doses of CsA (5). A 
placebo-controlled trial showed that CsA enemas for 
ulcerative colitis were not efficacious because of its poor 
aqueous solubility and its low absorption via colon (6). 
Therefore, alternative ways are required to increase the 
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1 Abbreviations: AIBN. 2,2'-azobisisobutyronitrile; CsA, cy- 
closporin A; DCC, dicyclohexyl carbodiimide; DCU, dicyclohexyl 
urea; DMSO, dimethyl sulfoxide; HPMA. A^-(2-hydroxypropyl)- 
methacrylamide; IBD, inflammatory bowel disease; MA. meth- 
aciyloyl; MeBmt, 2-A/:methyl-(J9-((£)-2-butenyl)-4-methyl-L- 
threonine; A/„, number average molecular mass; M^, weight 
average molecular mass; ONp, /?-nitrophenoxy; P(CsA), HPMA 
copolymer-CsA derivative conjugate; PBS, phosphate- buffered 
saline; PNA. peanut {Arachis hypogea) agglutinin; PNA-PCsA. 
peanut {Arachis hypogea) agglutinin-HPMA copolymer CsA 
derivative conjugate; SEC, size-exclusion chromatography; THF. 
tetrahydrofiirn; WGA, wheat germ agglutinin; WGA-PCsa! 
wheat germ agglutinin-HPMA copolymer-CsA derivative con- 
jugate; wt %, weight percentage. 



aqueous solubility of CsA to deliver it specifically to the 
disease sites in the colon and enhance its efficacy with 
concomitant reduction of side effects. 

The colon-specific bioadhesive, water-soluble polymeric 
delivery system may be one of the options to specifically 
deliver CsA to the colon (7). The CsA solubility can be 
dramatically increased by attachment to water-soluble 
polymers. The site-specific colon delivery can be achieved 
by the conjugation of the drug via an aromatic azo linkage 
and the introduction of biorecognizable moieties such as 
lectins. The specific azoreductase activities in the colon 
of many species (^ can cleave the azo linkage to release 
the drug (7). Lectins are proteins or glycoproteins of 
nonimmunological origin, capable of recognizing and 
binding to the antigens (carbohydrates) expressed in the 
tissue or on cell surface and have potential in oral colon- 
specific drug delivery (^. The differences in the structure 
of the carbohydrates result in the selective bioadhesion 
of lectins. For example, peanut {Arachis hypogea^ ag- 
glutinin (PNA) binds to the Thomson -Friedenreich (TF) 
antigen, which has an increased expression in the 
diseased colon tissue (e.g.. in ulcerative colitis). The 
binding of PNA to the diseased tissue is proportional to 
the severity of ulcerative cohtis [lOj, whereas wheat germ 
agglutinin (WGA) binds to brush border and goblet cell 
mucins in healthy colon tissue (77). Previously, we 
conjugated lectins, PNA and WGA, to AA (2 -hydroxy pro- 
pyl) methacrylamide (HPMA) copolymer, a water-soluble 
drug carrier, and found that the polymeric conjugates 
showed different binding patterns in the healthy rat 
intestinal tissue (12). HPMA copolymer-WGA conjugate 
bound strongly to the intestinal tissue, and the HPMA 
copolymer- PNA conjugate bound minimally, but specif- 
ically. The results suggested that the lectin-HPMA 
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Scheme 1. Synthesis of Amino Group Containing 
CsA Derivative 3« 




^(i) NaI04, KMn04. K2CO3, H2O. t-BuOH, 14 h. 92%; (ii) 
NH2CH2CH2NH2, THF, reflux, 24 h. 60%. 

Scheme 2. Synthesis of Monomer 9^ 
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" (iii) Diisopropylethylamine. CH2CI2, rt, overnight, 52%; (iv) 
L-leucine methyl ester hydrochloride, diisopropylethylamine 
DCC, CHaClg, 4 X, overnight, 57%; (v) NaOH, rt. 6 h. HCl. 8l%! 
(vi) TV-hydroxysuccinimide, DCC, THF/CH2CI2 (1:1), 4 X, over- 
night, 49%; (vii) 3, THF. rt, 24 h, 68%. 

copolymer conjugates could be suitable carriers for colon 
site-specific delivery of CsA. 

We report on the synthesis of lectin (PNA or WGA)- 
HPMA copolymer-CsA derivative conjugates for site- 
specific colon delivery. An HPMA copolymer precursor 
containing a CsA derivative and a reactive ester group 
was first synthesized by free-radical copolymerization of 
HPMA with a CsA-containing monomer 9 and MA-Gly- 
Gly-ONp in the presence of AIBN. The lectins (PNA and 
WGA) were conjugated to the copolymer precursor by 
reacting their amino groups with the active ester groups 
in the copolymer, respectively. 

The CsA derivative-containing monomer 9 was de- 
signed and synthesized according to the procedure de- 
scribed in Schemes 1 and 2. An aromatic azo compound, 
4-(4-aminophenylazo)benzoic acid {I3j, and L-leucine 
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were employed as a biodegradable spacer between the 
polymerizable double bond and the CsA derivative. The 
aromatic azo bond can be cleaved to release the drug 
specifically by the azoreductase activity produced by 
microorganisms commonly present in the colon. The 
conjugation of CsA via aromatic azo bond might avoid 
the major side effect— fast absorption in small intestine 
and subsequent nephrotoxicity. The aromatic azo spacer 
has been successfully used in colon-specific delivery of 
5-aminosalicylic acid, a potent drug for the treatment of 
ulcerative colitis {8, 14). The L-leucine was introduced 
between the drug and the aromatic residue in order to 
free the CsA derivative completely by peptidase and/or 
aminopeptidase (75, 16) after initial cleavage of the 
aromatic azo bond by the azoreductase activities. 
CsA has a cyclic undecapeptide structure (structure 1) 
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and has one functional group, the hydroxyl group on the 
2-AAmethyl-(/g-((^-2-butenyl)-4-methyl-L-threonine (Me- 
Bmt) residue, which could be used as an attaching point 
in monomer synthesis. The attachment of CsA via the 
hydroxyl group to a polymerizable group would result in 
a monomer where the intact structure of CsA is main- 
tained. However, the attempt to conjugate CsA to a 
monomer via the hydroxyl group was not successful 
because the hydroxyl group shows very low reactivity due 
to the steric hindrance. A reactive functional group, e.g., 
amino group, had to be introduced to CsA for the 
conjugation. The double bond on the MeBmt residue can 
be chemically modified to introduce an amino group, and 
it has been reported that the modified CsA maintained 
its pharmacological effectiveness {17-19}. The conjuga- 
tion of CsA derivative to HPMA copolymers may decrease 
the side effects associated with administration of CsA 
{20). Due to the combination of local and systemic actions 
of CsA releases in the colon {2T), lower CsA plasma levels 
should be therapeutically effective when compared to 
intravenous administration. 

A reactive amino group was introduced to MeBmt 
residue of CsA by the reaction of 1,2-ethylenediamine 
with a CsA lactone (2), Scheme 1. The CsA lactone was 
prepared by the oxidative cleavage of the double bond of 
the CsA using NaI04 and KMnO^ {22) . The lactone was 
refluxed with excess 1,2-ethylenediamine for 24 h in 
methanol. The solvent was removed, and solid residue 
was dissolved in CH2CI2 and washed with water. The 
amino-functionalized CsA derivative (3) was obtained 
from the organic phase and was purified by silica gel 
chromatography. The compound 3 was characterized 
by proton NMR and electrospray mass spectrometry 
{mlz^ 1248.38 (M+ + 1), and the calculated molecular 
weight is 1247.73). 
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Scheme 3. Copolymerization of Monomer 9" 
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^ HPMA and MA-Gly-Gly-ONp. AIBN, Acetone, 50 X, 48 h. 76%. 

The synthesis of the monomer 9 is shown in Scheme 
2. 4-(4-Aminophenylazo)benzoic acid (4) was employed as 
a degradable spacer {14). The polymerizable residue, 
methacryloyl group, was introduced by reacting meth- 
acryloyl chloride with 4 in the presence of diisopropyi- 
ethylamine to give compound 5. L-Leucine methyl ester 
was coupled to compound 5 in the presence of DCC to 
form compound 7 after the hydrolysis of the ester group 
with dilute NaOH in methanol. The active ester 8 was 
synthesized by reacting compound 7 with AAhydroxysuc- 
cinimide in the presence of DCC. The CsA derivative 
containing monomer 9 was synthesized by the coupling 
reaction of compound 8 with 3. The orange monomer 9 
was isolated using silica gel chromatography. The inter- 
mediate reaction products and the monomer 9 were 
characterized by proton NMR and electrospray mass 
spectrometry. The mlz (M+ + 1) of the monomer 9 was 
1652.75 (calculated 1652.19). 

The monomer 9 (90 mg). HPMA (210 mg), and MA- 
Gly-Gly-ONp (28 mg) were copolymerized in the presence 
of AIBN at 50 X in acetone (Scheme 3). 

Copolymer 10 was obtained with a yield of 76%. The 
number and weight average molecular masses of the 
copolymer were 17 500 and 25 900 Da, respectively, as 
determined by size-exclusion chromatography (SEC) us- 
ing polyHPMA calibration, eluted with 30% acetonitrile 
containing PBS buffer. The content of the CsA derivative 
3 in the copolymer was 0.20 mmol/g as determined 
spectrophotometrically at 360 nm based on the absor- 
bance of the aromatic azo residue (e — 2.5 x 10^ M"^ cm"^ 
methanol). The content of the ONp active ester was 0.2 
mmol/g (of copolymer) as determined spectrophotometri- 
cally at 400 nm based on the released />-nitrophenolate 
(e = 1.8 X 10^ cm-^ water) after hydrolysis of the 
copolymer in basic condition and separation using a 
Sephadex G-25 column. Because of the hydrophobicity 



of CsA derivative, the copolymer aggregated partially in 
PBS solution as shown by the SEC profile of the copoly- 
mer. The hydrophobic aggregation completely disap- 
peared in the 30% (volume) acetonitrile containing PBS 
solution. 

The lectins, WGA (molecular mass = 43 kDa) and PNA 
(molecular mass = 1 10 kDa), were bound to the HPMA 
copolymer-CsA derivative conjugate [P(CsA)] 10, respec- 
tively, by reacting their amino groups with the p- 
nitrophenol ester of the copolymer. A high concentration 
of lectin or copolymer precursor should be avoided in the 
conjugation reaction because precipitation occurred due 
to lectin (especially the PNA) aggregation or cross - 
linking. However, a too low concentration of reactants 
might result in low yield of conjugate due to large amount 
of unreacted protein. The concentrations of lectin and 
polymer solutions were optimized to give higher yields. 
A 4 wt % concentration of copolymer solution and 1.7 wt 
% of WGA (1.5 wt % of PNA) were used in the conjuga- 
tion. The lectin solution was added drop wise to the 
copolymer solution. The conjugation reaction was carried 
out at neutral pH (7.3) for 2 h at room temperature and 
left at 4 °C overnight after the pH was gradually raised 
to 8.0 with diluted NaOH. The unreacted p-nitrophenol 
ester was destroyed by raising the pH to 9.0 for a short 
period. The lectin -copolymer conjugates were separated 
from unconjugated copolymer and lectins by SEC. The 
isolated lectin- copolymer conjugates were dialyzed against 
deionized water, and lyophilized. The weight average 
molecular masses of the conjugates were determined by 
using SEC with a laser light scattering detector (Mini- 
Dawn. Wyatt). The molecular masses of the conjugates 
were 150 kDa for WGA-P(CsA) conjugate and 250 kDa 
for PNA-P(CsA) conjugate, respectively. The lectin 
contents were 36.5 wt % in the WGA-P(CsA) conjugate 
and 54.5 wt % in the PNA-P(CsA) conjugate, respec- 
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Figure 1. The time- dependent degradation of P{CsA) with rat 
cecal contents. The P(CsA) was incubated with preincubated 
cecum contents in N2 atmosphere at 37 *C. The absorbance of 
aromatic azo bond at 360 nm was recorded at different time 
intervals. 

tively, as determined by Lowry assay. The CsA derivative 
content was determined spectrophotometrically at 360 
nm based on the aromatic azo residues. The contents of 
CsA derivative were 16.0 wt % in the WGA-P(CsA) 
conjugate and 1 1 .5 wt % in the PNA-P(CsA) conjugate, 
respectively. There were on average four P(CsA) chains 
attached to one WGA molecule and five P(CsA) chains 
attached to one PNA molecule. 

The lectins, especially PNA, have a tendency to ag- 
gregate and precipitate in aqueous solution. However, 
when the lectins were conjugated to the copolymer, the 
stabihty of the lectins was significantly increased. No 
precipitation was observed in the lectin- copolymer con- 
jugate solution. pH 7.3 (1 wt%), during 1 month storage 
at 4 X. 

To verify the stability of the amide bond originating 
in the leucine residue in the GI tract, we incubated the 
P(CsA) with rat small intestine contents (10 wt %) at 37 
°C. No significant release of the CsA derivative was 
detected after 5 h of incubation. The HPLC analysis of 
the methylene dichloride extract of the P(CsA) incubation 
mixture indicated that less than 1% of total CsA deriva- 
tive was released. However, an 1 h incubation of Z-Ala- 
Ala-Leu-Nap (1 mM). used as a control, resulted in 50% 
of />-nitroaniline release. This indicates that the amide 
bond originating in the leucine residue in the P(CsA) side 
chains is considerably stable in conditions mimicking the 
small intestine. 

The cleavage of the aromatic azo bond and the release 
of the CsA derivative were investigated by incubation of 
P(CsA) with rat cecal contents at 37 "C. The degradation 
of the aromatic azo bond was monitored by UV spectro- 
photometry at 360 nm, and the degradation kinetics is 
shown in Figure 1. The absorbance of the azo spacer at 
360 nm decreased with increasing the incubation time 
and appeared to reach a plateau after 6 h. The incubation 
mixture was extracted with methylene chloride and the 
extract was analyzed by MALDI-TOF mass spectrometry. 
The /?-amino-benzoyl-Leu-ED-CsA residue {ni/z= 1519, 
-f K+) expected after the cleavage of the azo bond and 
free CsA derivative (w/z=- 1248, 3 -f- H+; 1287, 3 + K+) 
were identified in MALDI-TOF mass spectra. Both 
compounds were present in a significant amount in the 
organic extract as determined by HPLC. As demonstrated 
above that the P(CsA) was stable in the small intestinal 
contents, however, in cecal contents the free CsA deriva- 
tive was released in addition to the fragment resulting 
from the cleavage of the azo bond. This indicates that 
the CsA containing side chain in P(CsA) was resistant 
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to endopeptidase activities. The ultimate cleavage of the 
amide bond originating in the leucine residue in the cecal 
contents suggests that the azo bond was cleaved first, 
followed by the cleavage of the amide bond by aminopep- 
tidases. The results seem to validate the design of the 
conjugates and the importance of the colon-specific cleav- 
age of the azo bond. The azoreductase activity of the 
colonic bacteria is suitable for site-specific delivery of 
drugs to the large intestine. This is based on the facts 
that the proteolytic activity in the colon is less than that 
of the small intestine and that the concentration of 
microbial flora present in the colon is orders of magnitude 
higher than in both the stomach and the small intestine 

In summary, the above results indicated that the 
HPMA copolymer-CsA derivative conjugate will be 
stable during the transport via GI tract but will specif- 
ically release the drug in the colon after cleavage of the 
azo bond by the azoreductase activities. The lectins, WGA 
and PNA, were conjugated to the P(CsA), respectively, 
to enhance the bioadhesion of the conjugate to the colon 
tissue (23). Further biological evaluation of the nontar- 
geted and the lectin-targeted HPMA copolymer-CsA 
conjugates is ongoing. 
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